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With an increasing interest in biotechnology, there is a great demand for bio-
substances such as amino acids. Liquid-liquid extraction can be highly advantageous 
when applied in the purification and separation of amino acids from fermentation 
broths as it can be operated on a continuous basis, is easy to scale up to commercial 
dimension process and does not require any pre-treatment of the fermentation broths. 
However, amino acids have a very low solubility in organic media. Using a carrier 
such as reversed micelle can solve this problem. Reversed micelles are nanometer-
sized aggregates surfactant molecules with polar inner core, which contains a water 
pool that can host bio-substances. Thus, contact of the amino acids with the organic 
solvent can be avoided.  
 
The present work involves the study of the equilibrium and kinetic behavior of liquid-
liquid extraction and stripping of L-phenylalanine via reversed micelles. Sodium di (2-
ethylhexyl) sulfosuccinate (AOT) was used to form the reversed micelles while xylene, 
was used as the organic solvent. For extraction, the feed solution was a buffer solution 
consisting of L-phenylalanine and sodium chloride, while the organic phase comprised 
of AOT in xylene. For stripping, the micellar phase consisted of AOT in xylene which 
was phenylalanine-loaded while the strip solution was a buffer solution containing 
sodium chloride. High performance liquid chromatography (HPLC) was used to 
analyze the amino acid concentration in the aqueous phase while Karl-Fischer titration 
was used to determine the water content in the reversed micelles.  
 
The equilibrium studies were performed using the phase-transfer method. The effects 
of the initial pH, salt concentration and amino acid concentration in the aqueous feed 
 viii
solution, the surfactant concentration in the organic phase, as well as temperature on 
extraction were investigated. For stripping, the influences of initial pH and salt 
concentration in the aqueous strip solution, the initial amino acid concentration in the 
micellar phase and temperature were determined.  
 
The kinetic studies on the extraction and stripping of L-phenylalanine were conducted 
in a stirred cell. The effects of the surfactant concentration and the salt concentration in 
the strip solution at various temperatures were studied for the extraction and stripping 
processes respectively. Two mass transfer models were formulated to predict the 
concentration-time profiles of the amino acid in the aqueous phase for both extraction 
and stripping processes. The first model was developed based on a linear driving force 
mass transfer, where a linear isotherm and a Langmuir isotherm were employed to 
obtain the overall mass transfer coefficients. The second model was formulated based 
on the ion-exchange mechanism to determine the individual mass transfer coefficients.   
 
A search method, which was known as genetic algorithm, was incorporated in a 
program written in Fortran 90 programming language to evaluate the mass transfer 
coefficients based on the two theoretical models. The mass transfer coefficients 
obtained were then used to simulate the concentration-time profiles of the amino acid 
in the aqueous phase for extraction and stripping. Results showed that both the models 







A   Interfacial area of the two liquid phases (cm2) 
C  Concentration of phenylalanine unless otherwise indicated by subscript 
(mM or M) 
D  Mass diffusivity (cm2/ min) 
G and H  Constants of the Langmuir isotherm for stripping 
Hr   Heat of reaction (J/mol) 
J  Flux (M/min-cm2) 
k   Mass transfer coefficient (cm/min) 
K    Overall mass transfer coefficient (cm/min) 
K*   Equilibrium constant 
NaS   AOT surfactant 
Phe  L-Phenylalanine 
PheS   Phenylalanine-surfactant complex 
P and Q  Constants of the Langmuir isotherm for extraction 
m  Partitioning equilibrium constant  
M   Molecular weight (g/mol) 
R   Universal gas constant (= 8.314J/mol-K) 
r  Rate (M/min-cm2) 
SSE    Objective function to be minimized by GA  
t  Time (min) 
T   Absolute temperature (K) 
V  Volume (cm3) 
 x
Wo  Molar ratio of surfactant and water 
 
Greek symbols 
∆  Change 
µ  Viscosity (cP) 
φ   “Association parameter” for Wilke and Chang correlation 
ε*   Parameter for Hayduk and Minhas correlation  
 
Superscripts 
eqm  Equilibrium 
fin  Final 
init  Initial 
m   Molal  
rm  Reversed micelle 
 
Subscripts 
aq  Aqueous phase 
A  Solute 
b  Stripping 
B  Solvent 
exp  Experimental 
f  Extraction 
i  Interface 
NaS   AOT surfactant 
 xi
org  Organic phase 
Phe  L-Phenylalanine 
PheS   Phenylalanine-surfactant complex 
pred  Predicted 
r  Releasing 
s  Solubilizing 
w  Water 
 
Abbreviation 
CMC   Critical Micelle Concentration 
GA   Genetic Algorithm 
HPLC   High Performance Liquid Chromatography 
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1     Introduction 
With an increasing interest in biotechnology, there is a great demand for biosubstances 
such as amino acids. Amino acids are produced by chemical synthesis, fermentation and 
enzymatic processes, as well as by extraction from protein hydrolyzate (Barrett, 1985). 
For the production of amino acids from fermentation broth, pre-treatment of the 
fermentation broth is required to remove significant quantities of contaminants before 
separation is carried out by various methods, such as, successive evaporative 
crystallization and ion exchange (Cardoso et al., 1998). These purification and separation 
processes are batch operations, difficult to scale up to commercial level and are capital 
intensive. The production costs can be reduced if a high selectivity to the desired species 
is exhibited in the initial separation steps (Cussler, 1989). Hence, there is a need to 
develop a more efficient purification and separation process. 
 
Liquid-liquid extraction is one of the most commonly used separation techniques. It has 
been used successfully in the field of metal extraction, hydrocarbon separation and 
wastewater treatment (Uddin et al., 1992). It is basically a partitioning process based on 
the selective distribution of a substance in two immiscible phases, usually an aqueous 
phase and an organic phase. Liquid-liquid extraction, when applied in the purification and 
separation of amino acids from fermentation broths, can be highly advantageous if the 
desired amino acid is more soluble in the second phase than in the fermentation broths and 
if the ability of the amino acid to partition into the second phase is much higher than that 
of the contaminants present in the fermentation broths. No pre-treatment of the 
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fermentation broths is required and the separation process can be operated on a continuous 
basis and can be easily scaled up to commercial dimension process. 
 
However, separation of amino acids by liquid-liquid extraction is a problem as the amino 
acids have a very low solubility in organic media. This problem may be solved by using a 
carrier that is soluble in the organic phase but insoluble in the aqueous phase to assist the 
transportation of amino acids into the organic phase. One possible type of carrier for this 
purpose is the reversed micelle. Reversed micelles are nanometer-sized aggregates 
surfactant molecules with polar inner core, which contains a water pool that can host 
biosubstances. They can selectively solubilize a certain component in its own environment 
from a mixture in the core and thus, contact of the biomolecules with the organic solvent 
can be avoided.  
 
The liquid-liquid extraction technique can also be extended to include carrier mediated 
liquid membrane processes. Liquid emulsion membrane (LEM), which was first 
developed by Li (Li, 1968) is one separation method that combines extraction and 
stripping steps of a conventional solvent extraction process into a single step, making 
simultaneous separation and concentration of the product possible. It involves selective 
chemical complexation of a molecule with the desired solute, followed by the 
transportation of it from the donor aqueous phase across a liquid membrane to the aqueous 
receiver phase. It has the advantages of high extraction rate and low solvent requirement, 
hence is an alternative method to enhance the recovery of biological molecules under mild 
conditions. The LEM technique has been widely applied to a variety of processes such as 
fractionation of hydrocarbons, recovery of heavy metal ions, replacement of catalytic 
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processes in solids by liquid-phase catalysis, treatment of disorders in the blood stream, 
removal of contaminants from wastewater, and extraction of fermentation products. 
 
The work presented in this thesis is based on the study of the incorporation of a reversed 
micellar system in a two-phase liquid-liquid extraction and stripping (re-extraction) of an 
amino acid. Equilibrium and kinetics studies were performed to achieve a better 
understanding of the use of reversed micelles in liquid-liquid extraction and stripping as a 
downstream separation process for phenylalanine. For extraction, the aqueous phase was 
buffered and consisted of sodium chloride and phenylalanine, a slightly hydrophobic 
amino acid while the organic phase comprised of xylene, an aromatic solvent and sodium 
di (2-ethylhexyl) sulfosuccinate (AOT), an anionic surfactant. For stripping, the buffered 
aqueous phase contained sodium chloride and the organic phase contained AOT in xylene 
loaded with phenylalanine. 
 
In the equilibrium studies, the effects of pH, salt concentration and initial phenylalanine 
concentration in the aqueous feed solution, the surfactant concentration in the organic 
phase and temperature on the extraction efficiency and the water content of the reversed 
micelles were investigated for the extraction process while the influence of pH and salt 
concentration in the aqueous strip solution and temperature were studied for the stripping 
process.  
 
The kinetic studies involving two-phase liquid-liquid extraction and stripping were 
performed with a stirred transfer cell and involved the development of an appropriate 
theoretical model to determine the mass transfer coefficients. For extraction, the effects of 
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surfactant concentration in the organic phase and temperature on the rate were 
investigated. The salt concentration in the aqueous strip solution and the system 
temperature were varied to determine their effects on the rate of stripping. In both the 
equilibrium and kinetic studies, high performance liquid chromatography (HPLC) and 
coulometric Karl-Fischer titrations were used to determine the concentration of 
phenylalanine in the aqueous phase and the water content of the reversed micelles 
respectively.   
 
An introduction on reversed micelles will be covered in Chapter 2. The chapter also 
includes a literature survey on the equilibrium and kinetic studies of the liquid-liquid 
extractions of amino acids that have been performed to date. Chapters 3 and 4 cover the 
equilibrium and the kinetic studies respectively, which include the theoretical 
development, experimental methods, as well as the results and discussion.  The materials 
employed in this work are also presented in Chapter 3. The linear driving force model and 
the ion-exchange model are employed to describe the kinetics of the liquid-liquid 
extraction and stripping processes with the results presented in Chapter 5 and Chapter 6 
respectively. A discussion on the results obtained is also included. Chapter 7 gives overall 






2 Literature Review 
2.1  Typical Liquid-Liquid Extraction and Stripping  
Processes 
Separation by liquid-liquid extraction involves the transfer of the desired solutes from one 
phase to another. The two phases are immiscible and are normally made up of an aqueous 
phase and an organic phase. A schematic diagram of a typical extraction process is shown 
in Figure 2.1. Phase A, which contains the desired solutes, is brought into contact with 
phase B. Partitioning of the solutes to phase B occurs until equilibrium is reached. The 
solutes must have a higher partitioning ability in phase B so that at the end of the 






Figure 2.1 Schematic diagram of a typical extraction process. 
 
When phase B consisting of the extracted solutes is in turn brought into contact with 
another third immiscible phase, phase C that is solute-free, the extracted solutes similarly 
partition from phase B to phase C. This transfer process continues until a state of 
equilibrium is reached. This process is known as the stripping process and Figure 2.2 
shows the schematic diagram of a stripping process. 
 
Equilibrium 










Figure 2.2 Schematic diagram of a typical stripping process. 
 
Liquid-liquid extraction and stripping processes are only applicable in the separation of a 
solute that can be solubilized in both the two immiscible phases selected. Many types of 
solutes like bio-substances, however, are not and one of them is amino acid. Amino acids 
are only soluble in the aqueous phase but not in the organic phase. One possible solution 
to this problem is to incorporate a carrier, which is insoluble in the aqueous phase, into the 
organic phase so that it can assist the solubilization of amino acids in the organic phase. 
One such carrier is the reversed micelles. Reversed micelles are made up of surfactant 
molecules and have a polar inner core that contains a water pool that is able to host bio-
substances. The following section gives an introduction on surfactants, as well as the 
formation process of reversed micelles. 
 
2.2     Formation of Reversed Micelles 
Surfactants are molecules that possess both hydrophilic and hydrophobic parts (Kadam, 
1986) as shown in Figure 2.3 (a). They can be classified according to the nature of their 
hydrophilic part into anionic, cationic, nonionic and zwitterionic surfactants. 





Phase C Stripped  
Solute
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sodium di-2-ethylhexyl sulfosuccinate (anionic) and nonylphenolpentaethoxylate 
(nonionic) are some of the most frequently studied surfactants (Krijgsman, 1992). 
 
Surfactants can have different organizational configurations, depending on the surfactant 
structure, type of solvent, physical parameters of the system and the preparation 
procedures. In bulk aqueous solution, the predominant form is the micelles, which are 
aggregates of surfactants with the hydrophilic moieties in contact with the solvent and the 
lipophilic moieties turned away from it (Figure 2.3 (b)). The reverse orientation, known as 
reversed micelles, is formed in bulk apolar solutions, where the surfactant molecules align 










Figure 2.3 Different common organizational configurations of surfactants. 
(a) Surfactant; (b) Micelle; (c) Reversed micelle. 
 
 
Depending on the temperature, pressure, solvent and chemical structure of the surfactant, 
the formation of micelles is only possible when the concentration of the surfactant is equal 






(Castro and Cabral, 1988). CMC is determined by plotting a physical property of the 
solution versus the surfactant concentration. At the moment of micelle formation where 
the total surfactant concentration equals CMC, there is an abrupt change in the 
concentration dependence property.  
 
The shape of reversed micelles can vary from spheres to ellipsoids to rod-like aggregates 
(Kadam, 1986). In general, a spherical shape is probable for reversed micelles with 
aggregation numbers that are lower than 50. However, rods or prolate ellipsoids have been 
observed in certain cases. Micelle size can be determined by theoretical models (Eicke and 
Kubik, 1983) and a wide variety of experimental methods such as light scattering 
techniques, ultracentrifugation and nuclear magnetic resonance (Pileni et al., 1985, Maitra, 
1984, Zulauf and Eicke, 1979).  
 
The type of surfactant can affect the shape and size of the reversed micelles formed. In the 
case of anionic surfactants, the formation process of reversed micelles is determined by 
the equilibrium between the monomeric surfactant molecules and the complete micelles. 
The micelles are spherical and the dimensions of the whole micelle do not exceed 200 Å 
(Pileni et al., 1985, Maitra, 1984), the size and shape being independent of the surfactant 
concentration (Konno and Kitahara, 1971). On the other hand, for cationic surfactants, 
reversed micelles with different aggregation numbers exist for a given system and are in 
equilibrium with one another (Castro and Cabral, 1988). The reversed micelles are 
polydispersed and the number of surfactant molecules per reversed micelle increases with 
the surfactant concentration (Konno and Kitahara, 1971, Muller, 1975, Tsujii et al., 1978). 
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2.3 Location of Amino Acids in Reversed Micelles 
As reversed micelles have an inner polar core that is hydrophilic, water can be solubilized 
into the reversed micelles solution when they are brought into contact with water. The 
solubility of the surfactants in water is negligible, which is the case for most of the 
surfactants in a Windsor II (microemulsion) system. For example, under Windsor II 
conditions, less than 1% of AOT resides in excess aqueous phase at equilibrium (Rabie 
and Vera, 1995). The amount of water solubilized in the reversed micelle solution is 
commonly referred to as Wo (defined as the molar ratio of surfactant and water, 
CH2O/Csurfactant). This pool of water inside the reversed micelles behaves differently from 
normal water and this is attributed to an overall disruption of the three-dimensional 
hydrogen-bonded network usually present in bulk water. It has properties similar to water 
close to biological membranes (Kadam, 1986), hence it can host biosubstances.  
 
Reversed micelles provide different environments for the solubilization of amino acids. 
Depending on the electric charge and the hydrophobicity of the amino acids, the amino 
acids can be solubilized preferentially in the water core or at the interface between water 






2.4 Driving Forces for Amino Acid Uptake in Reversed  
Micelles 
Electrostatic interactions, hydrophobic interactions and curvature of the shell of the 
reversed micelles are the three main driving forces for the solubilization and extraction of 
amino acids (Plucinski and Nitsch, 1993). 
 
Electrostatic interactions can exist between the hydrophilic groups of amino acids and the 
hydrophilic heads of the reversed micelles, depending on the charges on these groups.  
Amino acids have a basic structure consisting of two hydrophilic groups, a carboxylic 
group and an amino group with a hydrophobic side chain. The pKa values of α-carboxyl 
groups generally range from 1.8 to 2.5 while the pKa values of α-amino groups range 
from 8.7 to 10.7 (Horton et al., 1996). At a pH less than the pKa values of α-carboxyl 
groups, the amino acids exist mostly in their cationic form while at a pH more than the 
pKa values of the α-amino groups, they exist mostly in their anionic form. At neutral pH, 
the amino group is protonated (NH3+) and the carboxyl group is ionized (COO-). 
Consequently, the amino acids exist as zwitterions, or dipolar ions where their net charge 
may be zero. When amino acids are of an opposite charge as the reversed micelles, 
electrostatic interactions occur. Amino acids at zwitterionic condition can also interact 
with both anionic and cationic surfactants because of the presence of both positive and 
negative charges on the same molecule (Rabie and Vera, 1997a).  
 
The strength of the electrostatic interactions between the amino acids and the surfactants is 
also dependent on the electrostatic potential of a charged surface across an electrolyte 
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solution and is characterized by the Debye length (Hatton, 1987). When the Debye length 
decreases, the electric double layer compresses, hence, reducing the strength of 
interactions between the amino acid and the micellar interface. 
 
Hydrophobic interactions between the amino acids and reversed micelles also play a role 
in the amino acids uptake in the reversed micelles. Depending on the level of 
hydrophobity, their structure, polarity and ionization, different types of interactions within 
the solubilization environments provided by the reversed micelles may be established. 
These interactions will determine the solubilization site where the solute is hosted 
(Cardoso et al., 1998). According to Leodidis and Hatton (1990) and Adachi et al. (1991), 
hydrophilic amino acids are mainly solubilized in the water pool and hydrophobic amino 
acids are mainly incorporated in the interfacial region.  
 
The curvature of the shell of the reversed micelles can also affect the degree of amino acid 
transfer. Also known as the squeezing-out effect (Leodidis and Hatton, 1990), amino acids 
that are preferentially solubilized in the region of the shell of reversed micelles are 
expelled from the interface as the curvature of reversed micelles increases under certain 
conditions, hence, decreasing the size of the reversed micelles and the amount of amino 
acid transferred. 
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2.5 Transport Mechanism of Amino Acid via Reversed  
Micelles in Liquid-Liquid Extraction 
Many authors have proposed different transport mechanisms to explain qualitatively the 
uptake of amino acids in reversed micelles. One such mechanism is the bud mechanism, 
which is proposed by Plucinski and Nitsch (1993). In this mechanism, the amino acid first 
diffuses from the bulk aqueous feed phase to the interface while the reversed micelles 
diffuse from the bulk micellar phase to the interface. The reversed micelles then collide 
with the interface, forming a small channel between the reversed micelles and the aqueous 
phase. Mass transfer of the amino acid then takes place across the interface via either an 
ion-exchange reaction or by solubilization into the water pool of the reversed micelles 
through the channel of the bud. Fusion of the interfacial surfactant layer in the neck of the 
bud occurs, followed by the diffusion of the amino acid-containing reversed micelles from 
the interface to the bulk organic phase.  Diffusion of the surfactant counterion from the 
interface to the bulk aqueous phase also takes place.  
 
In their study on the extraction kinetics of phenylalanine and glutamic acid using ion-
exchange carriers Aliquat 336 and naphthenic acid respectively in cyclohexane, Chan and 
Wang (1993) have alternatively proposed that during extraction, absorption and 
desorption processes are involved. In their proposal, the surfactants are adsorbed onto the 
interface according to the Langmuir model after the amino acids (charged or in 
zwitterionic state) and surfactants have diffused from the bulk phases to the interface. The 
ion-exchange process, which is usually based on the concept of electrostatic interactions 
between the surfactants and the amino acids as the driving force in the extraction process, 
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takes place and the counterions of the surfactants that form the reversed micelles are 
exchanged for the charged amino acids to form surfactant-amino acid complexes. This is 
followed by desorption of the surfactant-amino acid complexes from the interface and the 
diffusion of the counterions of the surfactants and surfactant-amino acid complexes back 
to the bulk phases. 
 
It must be noted that the ion-exchange mechanism may not necessarily describe the 
solubilization process of the amino acids into the reversed micelles. As found by Cardoso 
et al. (1998) in their study on the mechanisms of amino acid partitioning in TOMAC 
reversed micelles in 1-hexanol/n-heptane system, only the solubilization of hydrophilic 
amino acids like aspartic acid and slightly hydrophobic amino acids such as phenylalanine 
can be described by an ion-exchange mechanism. On the other hand, the solubilization of 
hydrophobic amino acids like tryptophan cannot be described by a simple ion-exchange 
model as hydrophobic contributions play an important role in amino acid solubilization. 
As a result, this hydrophobic contribution must be considered in the overall solubilization 
process.  
 
2.6 Equilibrium Studies on Liquid-Liquid Extraction of  
Amino Acids using Reversed Micelles 
Of the published materials on amino acids using reversed micelles in liquid-liquid 
extraction, a great majority of the work deals with equilibrium studies. Some of the amino 
acids studied include phenylalanine, tryptophan, tyrosine, leucine, lysine, aspartic acid, 
valine, alanine, arginine, histidine and glycine while the surfactants used include AOT, 
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TOMAC and D2EHPA. Most of the equilibrium studies were carried out using the phase 
transfer method. 
 
Equilibrium constant and partition coefficient (also known as distribution coefficient) are 
two common terms used in the equilibrium studies to determine the amount of amino acid 
extracted. Equilibrium constant is formulated based on an assumed ion-exchange reaction 
between the amino acid and the reversed micelles. On the other hand, the methods to 
determine the partition coefficient (or distribution coefficient) varies as different authors 
have slightly different definitions for this term. In addition to equilibrium constant and 
partition coefficient, extraction efficiency has also been used to describe the degree of 
amino acid transfer. The water content in the reversed micelles is another commonly 
measured parameter to determine the role of the reversed micelles in the extraction of 
amino acids. In equilibrium studies, various parameters were often investigated to reveal 
their effects on the equilibrium constant, partition coefficient and extraction efficiency, as 
well as the water content in the reversed micelles. 
 
One of the most common parameters that are investigated in equilibrium studies is pH. 
Depending on the type of surfactant used, large amount of amino acid is generally 
extracted at equilibrium at a pH that results in the amino acid having an opposite charge 
from the surfactant. This has been shown by Hossain and Fenton (1999) in their study on 
the extraction of tryptophan and phenylalanine via AOT dissolved in (Z)-9-octadecen-1-ol 
(an organic solvent). In another equilibrium study by Fu et al. (2001) on phenylalanine 
extraction using AOT/heptane system, it has been found that the ratio of the amount of 
amino acid in the organic phase over that in the aqueous phase at equilibrium levels off 
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beyond a certain pH. A third phase formation has also been observed when the aqueous 
equilibrium pH is lower than 1.5 at 298K, which is attributed to the change in the 
interfacial properties of the surfactant that is caused by the partial or total change of the 
head group of SO3Na in the AOT molecules to SO3H in a strong acidic medium, in 
addition to the increase in the ionic strength of the aqueous solution due to the strong 
acidity. 
 
The effect of ionic strength is another commonly investigated parameter. Generally, 
increasing the ionic strength of the system decreases the size of the reversed micelles due 
to a reduction in the repulsive interaction between the surfactant head groups. As a result, 
the degree of transfer of amino acid (explained by electrostatic or squeezing-out effect) 
decreases with increasing ionic strength. Comparatively, the decrease in water 
solubilization is less. This phenomenon has been observed by Rabie and Vera (1997b), 
who have found that at lower salt concentration, Wo is higher for a fixed amino acid 
concentration.  
 
The initial concentration of the amino acid is shown to affect the degree of amino acid 
transfer. In a study by Fu et al. (2001) on the equilibrium extraction of phenylalanine 
using the AOT/heptane system, it has been shown that at pH 6 and 1.6, a low 
phenylalanine concentration (0-6mM) yields a distribution coefficient that is almost 
independent of the initial amino acid concentration. At a higher phenylalanine 
concentration (up to 80mM), distribution coefficient is constant at pH 6 but decreases with 
the initial amino acid at pH 1.6. Wo, on the other hand, has been found to increase with the 
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initial amino acid concentration at pH 6 but decreases with the initial phenylalanine at pH 
1.6. Similarly, Rabie and Vera (1997b) have observed a linear increase of Wo with initial 
phenylalanine concentration (0-60mM) in their study of the AOT/isooctane system at pH 
6 to pH 6.5. In addition, they have illustrated that this linear relationship is dependent on 
the type of amino acids as in the case of glycine, Wo remains approximately constant as its 
initial concentration increases. 
 
The type of amino acids can also affect the degree of amino acid transfer via reversed 
micelles. Hydropathy is a parameter that combines hydrophobicity and hydrophilicity and 
allows one to predict which amino acids will be found in an aqueous environment 
(negative values) and which will be found in a hydrophobic environment (positive values) 
of micelles (Kyte and Doolittle, 1982). Depending on the electric charge and the 
hydrophobicity of the amino acid, the amino acid can be solubilized preferentially in the 
water core or at the interface between water and the surfactant layer or right in the 
amphiphile palisade (Leodidis and Hatton, 1990). In a study by Cardoso et al. (1999) on 
the solubilization of aspartic acid, phenylalanine and tryptophan in the TOMAC/1-
hexanol/n-heptane system, it has been found that tryptophan is being extracted into the 
reversed micellar system even when it has the same charge as the surfactant (TOMAC), 
indicating the hydrophobic contribution of the amino acid affects the degree of amino acid 
transfer.  
 
Fu et al. (2001) have studied the effect of temperature on the extraction of amino acid 
using AOT reversed micelles in a n-heptane/phenylalanine/NaCl/water system. It has been 
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found that there is a larger decrease in the equilibrium constants with increasing 
temperature while the distribution coefficients only decrease slightly. It has also been 
observed that at a temperature higher than the room temperature, the organic phase splits 
into two parts. The upper organic phase does not contain any water and all the surfactant, 
extracted amino acid and water exist in the middle organic phase. Fu et al. (2001) have 
attributed this phenomenon to the aggregation of the surfactant molecules with the amino 
acid.  
 
The presence of co-surfactants, as well as their concentration and type, may affect the 
structure of the reversed micelles formed (Wang et al., 1995, Nazario et al., 1996), which 
in turn influences the degree of extraction of the amino acids. Reversed micelles formed 
with anionic surfactants, like AOT, generally solubilize large quantities of water in the 
organic phase without the addition of other organic materials (Haering et al., 1988, 
McFann and Johnston, 1991, Johannsson et al., 1991). On the other hand, cationic 
reversed micelles, which usually require a cosurfactant such as an alcohol in order to form 
reversed micelles (Jada et al., 1990, Lang et al., 1991), solubilize less water than most 
anionic reversed micelles (Wang et al., 1994). Consequently, amino acids, which are 
hydrophilic, will generally be better extracted with reversed micelles with large quantities 
of solubilized water and vice verse. 
 
Nazario et al. (1996) have studied the effect of non-ionic co-surfactants such as alcohols 
and polyoxyethylene alkyl ethers in the AOT reversed micellar interface. It has been 
found that the alcohol-type co-surfactants solubilize in the tail region of reversed micelles, 
pushing the surfactant head groups together and hence, decreasing the water content. This 
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results in the reversed micelles having a high curvature and a high packing density close 
to the surfactant heads and consequently, a limited interfacial area is available for solute 
solubilization. The opposite effect has been observed for polyoxyethylene alkyl ethers co-
surfactants, where the site of solubilization of this co-surfactant is in the surfactant head 
group region. 
 
The concentration of the surfactant present is found to be just as important as the type of 
surfactant in equilibrium studies. Cardoso et al. (1999), in their equilibrium studies on 
amino acid solubilization in cationic reversed micelles, have found that increasing the 
surfactant concentration in the organic phase increases the solubilization capacity of the 
reversed micelles only when the surfactant concentration remains below a certain 
concentration. Above a particular surfactant concentration, a further increase in the 
surfactant concentration decreases the solubilization capacity of the reversed micellar 
system and the increase in amino acid uptake levels off. Cardoso et al. (1999) have 
attributed this to the fact that for a high surfactant concentration, monodisperse spherical 
micellar aggregates may not predominate (Göklen, 1986). An increase in the micellar 
concentration may lead to interactions among the reversed micelles that can cause 
interfacial deformation, with a change in the micellar shape and micellar clustering and 
percolation. Due to micellar clustering, some interfacial area is not available to host the 
solutes, causing a decrease in the solubilization capacity especially for solutes with a 
strong interfacial interaction, such as tryptophan. 
 
To date, there are limited equilibrium studies on the influences of various parameters on 
the liquid-liquid re-extraction of amino acids from the micellar phase to the strip aqueous 
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solution. It is therefore interesting to investigate if the parameters studied in the liquid-
liquid extraction of amino acids using reversed micelles have similar effects on the re-
extraction efficiency. 
 
2.7 Kinetics Studies on Liquid-Liquid Extraction and  
Stripping of Amino Acids using Reversed Micelles 
In order to design extraction and stripping processes of amino acids using reversed 
micelles, it is important to have knowledge on the transfer rates of the amino acids, as well 
as conditions that affect these rates. A transfer cell, which is first introduced by Lewis 
(1954) and then later further modified by others such as Bulicka and Prochazka (1976), is 
normally used in the kinetics studies performed by many researchers to determine the 
mass transfer coefficient as it has a plane interface and individually stirred phases, which 
allows direct liquid-liquid contact with a well-defined interfacial area and agitation of both 
phases without breaking up the interface. In these studies, the extraction process of amino 
acids from the aqueous feed solution to the micellar phase is commonly known as the 
forward transfer or the extraction of amino acids while the re-extraction process of amino 
acids from the micellar phase to the aqueous strip solution is known as the back transfer or 
the stripping of amino acids. To date, the effects of the pH, ionic strength and type of ions 
present in the aqueous phase, the type of surfactant, cosurfactant and organic solvent used, 
temperature and the properties of the amino acids on the kinetics of extraction and re-




Cardoso et al. (2000) have performed research on the influence of the ionic strength of the 
aqueous feed solution on the extraction rate by varying the salt (KCl) concentration. They 
have found that increasing the concentration of KCl results in the reversed micelles 
becoming smaller and their interface becomes more rigid and difficult to bend. The 
transfer of amino acid from the aqueous phase to the micellar phase is therefore hindered 
and the forward rate constant for interfacial transfer decreases.  
 
Similarly, Dungen et al. (1991) and Bausch et al. (1992) have found that high ionic 
strengths slow down the re-extraction process and have attributed this fact to an increase 
in the rigidity of the interface of the reversed micelles, which in turn increases their kinetic 
stability. This stability slows down the process of coalescence of the reversed micelles 
with the organic/aqueous interface and retards the exchange of the intramicellar materials. 
Consequently, the overall re-extraction process becomes slower. 
 
The type of salt that is used to control the ionic strength of the aqueous phase is shown to 
affect the amount of amino acid transfer in a kinetic study by Plucinski and Nitsch (1993). 
In their study using the phenylalanine/isooctane/AOT system, it has been found that for a 
constant concentration of cations (from the salt added) in the aqueous phase, the amino 
acid concentration in the shell region of the reversed micelles decreases according to the 
following series: 
 
For divalent cations: Zn ≈ Mn > Ca > Sr > Ba 
For monovalent cations: Li > Na > K ≈ Rb ≈ Cs 
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Plucinski and Nitsch (1993) have concluded that generally, better adsorption of counterion 
at the reversed micelles interfacial layer (main group elements) reduces the solubilization 
of the amino acid and that the partitioning of the amino acid between the aqueous phase 
and the micellar phase depends on both the ionic strength and the type of salt used. 
 
The influence of the total surfactant concentration has been studied by Plucinski and 
Nitsch (1993) where AOT is used to form the reversed micelles. They have found that 
increasing the total AOT concentration results in an increase in the initial solubilization 
rate. It has been suggested that the increase in the AOT concentration results in the 
increase in the number of reversed micelles in the bulk organic phase and therefore the 
increase in the number of interfacial buds, which causes the increase in the solubilization 
rate. On the other hand, another kinetics study by Cardoso et al. (2000) on the extraction 
and re-extraction of phenylalanine by TOMAC in the hexanol/n-heptane system has 
shown that increasing the TOMAC concentration during extraction decreases the mass 
transfer coefficient of phenylalanine in the micellar phase, which they have attributed to 
the increase in the organic phase viscosity. These two studies may suggest that the type of 
surfactant used to form the reversed micelles also plays a significant role in determining 
the solubilization rate. 
 
The solubilization rate of amino acid can be enhanced by increasing the system 
temperature as temperature is known to affect the phase behavior of reversed micellar 
solutions. This has been illustrated by Plucinski and Reitmeir (1995) in their kinetic study 
using a combination of AOT and n-alkanols to form reversed micelles.  
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The type of organic solvent used can affect the solubilization capacity and the 
solubilization rate of amino acids via reversed micelles. Plucinsk et al. (1993), who have 
used alkanes with different number of carbon atoms as the solvent, find that the 
solubilization rate increases with the number of carbon atoms for the same initial amino 
acid concentration. This  indicates that significant changes in the solubilization of amino 
acids using reversed micelles can be achieved by exploiting the use of different solvents. 
To date, only aliphatic solvents such as heptane and isooctane have been well documented 
in the researches on the kinetics of the liquid-liquid extraction and re-extraction of amino 
acids and the use of aromatic solvents remains as an interesting factor to be investigated. 
 
The influence of the stirring speed on the rate of transfer of amino acids has also been 
widely studied. In the kinetic study on the extraction and re-extraction of phenylalanine 
using TOMAC in the hexanol/n-heptane system by Cardoso et al. (2000), it has been 
found that the forward rate constant for interfacial transfer increase with the rotation 
speed. They have attributed this to the fact that at higher rotation speed, the kinetics of 
reversed micelle coalescence or ‘de-coalescence’ is favoured due to the increased number 
of collisions between micelles, as well as between micelles and the aqueous/organic 
interface.  
 
On the other hand, Plucinski and Nitsch (1989) have given a different explanation on the 
influence of the stirring speed on the solubilization rate of a biosubstance by reversed 
micelles. They suggest that the liquid-liquid interface behaves differently when the stirring 
speed is lower or when it is higher than the critical stirring speed. At a stirring speed less 
than the critical stirring speed, the whole interface behaves as a rigid interface. When 
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stirring speed is more than the critical stirring speed, the whole interface is separated into 
two different regions: the center shows a rigid behavior while the periphery exhibits a 
more fluid behavior. Consequently, the solubilization rate should be higher for a stirring 
speed higher than the critical stirring speed than one that is lower. 
 
2.8 Scope of the Study 
L-phenylalanine is an amino acid that is used as a raw material for a peptide sweetener, L-
α-aspartyl-L-phenylalanine-methylester (Lim et al., 1990). In the present study, liquid-
liquid extraction and stripping of L-phenylalanine via reversed micelles are studied so as 
to achieve a better understanding of the application of such processes as possible 
downstream separation processes for phenylalanine. In addition, the data obtained can be 
extended to separation processes involving liquid emulsion membrane although further 
studies are required, as water transportation and membrane stability must now be 
considered. 
 
Sodium di (2-ethylhexyl) sulfosuccinate, commonly known as AOT, is an anionic 
surfactant employed to form reversed micelles in the present study. Although liquid-liquid 
extractions of L-phenylalanine using AOT have been studied (Adachi et al., 1991, Rabie 
and Vera, 1997a and Fu et al. 2001), the solvents used are aliphatic in nature. Little data 
have been published on the effects of using aromatic solvents, as well as the influences of 
various parameters on the equilibrium and kinetic behaviors of such extraction processes. 
Moreover, equilibrium and kinetic data for the stripping processes have not been reported 
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for this type of system, which needs to be explored. Hence, the objectives of the present 
study involve the following: 
 
(i) Equilibrium studies on both the liquid-liquid extraction and stripping processes of 
amino acid via reversed micelles using an aromatic solvent 
Using xylene as the aromatic solvent, the influences of the initial amino acid 
concentration, the initial feed pH and the salt concentration in the aqueous feed solution, 
the surfactant concentration in the organic phase and the system temperature on the degree 
of phenylalanine transfer at equilibrium, as well as the water content in the reversed 
micelles, are investigated for the extraction processes. Equilibrium studies on the stripping 
processes of the extracted L-phenylalanine from the micellar phase to the aqueous strip 
solution are performed to study the effects of the initial strip pH and the salt concentration 
in the strip aqueous phase, the initial amino acid concentration in the micellar phase, as 
well as the system temperature. 
 
(ii) Kinetic studies on both the liquid-liquid extraction and stripping processes of amino 
acid via reversed micelles using an aromatic solvent 
The effects of the surfactant concentration on the rate of mass transfer at different 
temperatures are investigated for the extraction processes while the influences of the salt 
concentration in the strip solution are determined for the stripping processes. 
 
(iii) Formulation of mathematical models to predict the mass transfer coefficients 
The overall mass transfer coefficients and the mass transfer coefficients for the individual 
components involved in the extraction and stripping processes are determined by the 
 25
formulation of mathematical models. The concentration-time profiles of phenylalanine in 
the aqueous phase are first obtained from the kinetic studies while the simulated profiles 
are obtained by integrating numerically the differential equations based on the 
mathematical models. Genetic Algorithm (GA) is then used to determine the mass transfer 
coefficients by minimizing the sum of the squared deviations between the experimental 
and simulated concentration-time profiles of the amino acid. The mass transfer 
coefficients obtained are used to simulate the concentration-time profiles of the amino 
acid under different conditions and these profiles are compared to those obtained 
experimentally. 
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3 Equilibrium Studies 
This chapter presents the results on the effects of various parameters on the equilibrium 
extraction and stripping efficiency and the equilibrium water content of the reversed 
micelles. The effects of initial feed pH, initial amino acid concentration and salt 
concentration in the aqueous feed solution, surfactant concentration in the organic phase 
and the system temperature were investigated for the extraction processes while the 
influences of initial strip pH, initial amino acid concentration in the micellar phase and 
salt concentration in the aqueous strip solution, as well as the system temperature were 
studied for the stripping processes. 
 
3.1 Reversed Micellar System 
The ionization constants of phenylalanine are 2.16 and 9.13. Depending on the pH, 
phenylalanine can exist in three different forms, namely, the cationic, the anionic and the 
zwitterionic forms.  In an acidic-buffered aqueous solution where the pH is much less than 
2.16, phenylalanine prevails in its cationic form. As phenylalanine is essentially charged, 
it is not able to partition into the organic phase. A carrier is required for the extraction of 
phenylalanine from an aqueous phase to an organic phase and AOT is one such carrier. 
 
AOT is an anionic surfactant, which consists of a hydrophobic section and a univalently 
charged functional group with Na+ as the counterion. The surfactants form stable reversed 
micelles in an organic solvent when the concentration of the surfactant is above its critical 
micellar concentration. No co-surfactant is required. Due to the hydrophobic section of 
AOT, its solubility is restricted to the organic solvent. To understand the effects of various 
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parameters on phenylalanine solubilization, the percentage of amino acid transferred and 
the water content in the reversed micelles were determined from equilibrium experiments 
that were performed under different conditions. 
 
3.1.1 Determination of Percentage Efficiency 
3.1.1.1   Extraction 
Extraction efficiency is defined as the total percentage of the amount of amino acid that is 
transferred from the aqueous feed phase to the organic phase at equilibrium. In 
mathematical form, it is expressed as: 
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Due to the ability of reversed micelles to solubilize water, some water is transferred from 
the aqueous phase into the organic phase via the reversed micelles, resulting in a decrease 
in the equilibrium volume of the aqueous phase and an increase in the equilibrium volume 
of the organic phase. The total volume of water transferred can be determined 
experimentally and the resultant equilibrium volume of the aqueous phase can be 
calculated as follows: 
 
 








3.1.1.2  Stripping 
The stripping efficiency is defined as: 
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Since the phenylalanine-loaded micellar phase used for the stripping processes is prepared 
by first equilibrating the aqueous feed solution with the surfactant-containing organic 














borg VCVCVC ,,,,,, ×−×=×                                         (3.4) 
 
During the stripping processes, the water entrapped in the reversed micelles may be 
released into the aqueous strip solution. It may also remain in the reversed micelles with 
additional volume of water from the strip solution being trapped in the reversed micelles. 
These results in a change in the volume of water pool in the reversed micelles and the 
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The materials used in the present study are listed in Table 3.1. All the chemicals were used 
as purchased and without further treatment. The chemical structures of L-phenylalanine, 







Table 3.1 Materials used in the present study. 
Name Manufacturer Purity 
Acetonitrile Duksan HPLC grade 
Borax Sigma A.R. grade 
Disodium hydrogen phosphate Merck A.R. grade 
Hydranal Coulomat AG Riedel-deHaën Not available 
Hydranal Coulomat CG Riedel-deHaën Not available 
Hydrochloric acid Merck A.R. grade 
L-phenylalanine Sigma Minimum 98% purity 
Phosphoric acid Merck A.R. grade 
Sodium di (2-ethylhexyl) 
sulfosuccinate  
Sigma Approxmately 99% purity 
Sodium dihydrogen phosphate Merck A.R. grade 
Sodium chloride Merck A.R. grade 
Sodium hydroxide J.T. Baker A.R. grade 
Xylene Merck A.R. grade 














sodium di(2-ethylhexyl) sulfosuccinate  
Figure 3.1 Chemical structures of L-phenylalanine, xylene and sodium 
di (2-ethylhexyl) sulfosuccinate (AOT). 
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3.3 Experimental 
3.3.1 Experimental Conditions 
3.3.1.1 Extraction 
The equilibrium studies on the extraction of phenylalanine from the aqueous feed solution 
to the organic phase were carried out at three system temperatures, namely 23 oC, 30 oC 
and 37oC. According to Kadam (1986), the CMC values vary from 0.1mM to 1.0mM in 
water or in nonpolar solvents. Hence, the AOT concentrations used in all the studies were 
above 1.0mM. Table 3.2 shows how the experimental conditions and reagents of the 
aqueous phase and the organic phase were varied respectively. 
 
Table 3.2 Experimental conditions and reagents in the aqueous feed solution and the 
organic phase for the equilibrium studies on the extraction processes. 
Aqueous feed solution  
          Initial pH : 1.35 – 10.60 
          Buffer type : Phosphoric acid  
  Acetic acid 
  Sodium dihydrogen phosphate 
  Di-sodium hydrogen phosphate 
  Borax 
          Buffer concentration (M)  : 0.025 
          NaCl concentration (M) : 0.05 - 1 
          Phenylalanine concentration (mM) : 5-30 
  
Organic phase  
          Organic solvent : Xylene 
          AOT concentration (M)  : 0.05-0.2 
  
Temperature (oC)  : 23-37 
 
 
In this study, 23oC was chosen as the lower temperature limit for the extraction processes 
as it corresponded to room temperature and hence could be easily maintained. On the 
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other hand, 37oC was selected as the upper temperature limit as extractions carried out 
above this temperature would result in a third phase formation (Fu et al., 2001). This 
relatively narrow window of temperatures was also selected for the stripping processes 
based on the same considerations. 
 
3.3.1.2  Stripping 
The equilibrium studies on the stripping processes of phenylalanine from the micellar 
phase to the aqueous strip solution were performed at three temperatures, namely 23oC, 30 
oC and 37oC. The micellar phase was first prepared by equilibrating an aqueous feed 
solution of pH 1.35 containing 0.025M H3PO4 buffer, 0.1M NaCl and phenylalanine of a 
certain concentration ranging from 5mM to 30mM with an equal volume of the organic 
phase consisting of 0.1M AOT in xylene at 23oC. The micellar phase preloaded with 
phenylalanine was then used for the liquid-liquid stripping of L-phenylalanine. Table 3.3 
shows the experimental conditions for the stripping processes. 
 
Table 3.3 Experimental conditions and reagents in the aqueous strip solution and the 
micellar phase for the equilibrium studies on the stripping processes. 
Aqueous strip solution  
          Initial pH : 1.35 – 12.00 
          Buffer type : Phosphoric acid  
  Acetic acid 
  Sodium dihydrogen phosphate 
  Di-sodium hydrogen phosphate 
  Borax 
          Buffer concentration (M)  : 0.025 
          NaCl concentration (M) : 0.2 - 1 
  
Micellar phase  
          Organic solvent : 0.1M AOT in xylene with preloaded    
  phenylalanine 
  
Temperature (oC)  : 23-37 
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3.3.2 Experimental Procedure  
3.3.2.1   Extraction 
The equilibrium studies were performed using the phase-transfer method. An aqueous 
buffered feed solution containing the desired amount of amino acid and sodium chloride 
was prepared. The pH was adjusted using either HCl or NaOH solution. An organic phase 
consisting of AOT in xylene, was equilibrated with an equal volume of the aqueous feed 
solution in a 250 ml conical flask by vigorous shaking in a thermostated shake bath at the 
required temperature until equilibrium was reached. It was then left in the temperature-
controlled bath at the same temperature until a good phase separation was achieved. 
Samples were carefully withdrawn from both the aqueous phase and the micellar phase, 
and then analyzed. The change in the pH of the aqueous phase, as well as the amount of 
water extracted into the organic phase, was also determined. 
 
3.3.2.2 Stripping 
For the stripping processes, the phenylalanine loaded organic phase was equilibrated with 
an equal volume of strip solution in the same thermostated shake bath. The phases were 
then left to stand in the temperature-controlled bath at the same temperature until a good 
phase separation was achieved. Samples from each phase were then withdrawn and 





3.4 Analytical Methods  
3.4.1 High Performance Liquid Chromatography (HPLC) 
HPLC is the separation of various components in a sample by distributing the components 
between a stationary phase consisting of micrometer-sized particles and one that moves. It 
is one of the most commonly used analysis methods for the measurement of the amino 
acid concentration.   
 
In many studies involving the liquid-liquid extraction of phenylalanine via reversed 
micelles, many researchers had used UV-VIS spectrophotometry for the analysis of the 
phenylalanine concentration. In this present study, UV-VIS spectrophotometer was 
initially used for such measurement but it was found that the absorbance reading of the 
phenylalanine in the aqueous phase was affected by the organic phase, which partially 
dissolved in the aqueous phase.  
 
To accurately determine the phenylalanine concentration, HPLC was used instead of UV-
VIS spectrophotometry. The HPLC system is from Jasco Borwin and consists of a UV 
detector. The chromatographic column (ID = 4.6mm, length = 25cm) used was ZORBAX 
SB-C18 (Agilent). It is a unique microparticulate C18 packing used for reversed-phase 
HPLC. The set of conditions employed in this study to analyze the concentration of 
phenylalanine is shown in Table 3.4. 
 
The mobile phases were first degassed by ultrasonic agitation before it was introduced 
into the reservoir by a pump operating at a constant flow-rate of 1ml/min. The sample was 
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then injected into the sampling valve, which was fitted with a 20µl loop. The column 
outlet was connected to a UV detector and the signal was displayed on a computer system. 
A schematic diagram of the experimental set-up for phenylalanine analysis is illustrated in 
Figure 3.2. 
 
Table 3.4 Operating conditions used in the analysis of phenylalanine using HPLC. 
Wavelength : 210 nm 
Temperature : 35oC 
Total flowrate of mobile phase : 1ml/min 
Mobile phase A (80% v/v) : 0.1% trifluoroacetic acid in ultrapure water 
Mobile phase B (20% v/v) : acetonitrile 
 
 
Using the operating conditions in Table 3.4, the HPLC analysis of phenylalanine in 
ultrapure water was performed and a single peak at retention time of approximately 
4.1min was obtained (not shown). A typical HPLC profile of the aqueous feed solution 
after equilibration, as shown in Figure 3.3, was also obtained. To ensure that the NaCl-
containing buffers used do not interfere with the peak due to the presence of 
phenylalanine, separate spectrum of the buffers were obtained (Figure 3.4). Comparing 
Figure 3.3 and Figure 3.4, it was found that the peaks and retention times of the various 
salt and buffer components were different from that produce by phenylalanine at the 
retention time of approximately 4.1min. Hence, it can be concluded that the peak obtained 
at approximately 4.1min is purely due to the presence of phenylalanine and that there is no 
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Figure 3.2 Schematic diagram of the set-up for phenylalanine analysis using HPLC. 
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Figure 3.3 HPLC profile of equilibrated aqueous samples obtained by equilibrating a 
phosphoric acid buffer containing 0.1M NaCl and 10mM phenylalanine with 0.1M AOT 
in xylene at 23oC. 
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NaH2PO4.2H2O buffer with NaCl
Na2HPO4.H2O buffer with NaCl
CH3COOH buffer with NaCl





Figure 3.4 HPLC profiles of different types of buffers containing NaCl. 
 38
3.4.1.1 Calibration Curve 
A calibration of the concentration of phenylalanine in ultrapure water with respect to the 
area of the peak eluted was carried out. A linear relationship between the intensity and the 
phenylalanine was obtained when the concentration of phenylalanine was less than 4mM. 
Consequently, the calibration curve for phenylalanine in ultrapure water was performed 
for phenylalanine concentration ranging from 0mM to 4mM. The calibration curve is 
shown in Figure 3.5.  
 














CPhe(mM) = Area * 3E-7
           R2 = 0.999
 
Figure 3.5 Calibration curve for phenylalanine in ultrapure water using HPLC. 
 
Calibrations of the concentration of phenylalanine in the presence of NaCl and the 
different buffer species were carried out. Comparing the different calibration curves (not 
shown), it can be observed that the calibration curves in the presence of NaCl and the 
various buffer species give the same calibration equation as that obtained for 
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phenylalanine in ultrapure although the fit varies slightly. Since the variation is still within 
acceptable limits, the calibration equation obtained by dissolving different concentration 
of phenylalanine in ultrapure water is used to determine the phenylalanine concentration 
in the aqueous phase of all the samples used in this study. However, all the aqueous 
samples must first be diluted such that the phenylalanine concentration falls between 0mM 
to 4mM so as to be analyzed by HPLC. 
 
3.4.2 Karl-Fischer Titration 
The Karl-Fischer titration method is used to analyze the moisture content in small samples 




I2 + SO2 + H2O = H2SO4 + 2 HI                                       (3.9) 
 
 
During the analysis with the Karl-Fischer solution (I2 + SO2), The red-brown iodine 
compound, I2, is converted into the transparent hydrogen-iodine compound, HI, and the 
moisture content of the reaction's final titration product, I2, is measured by photometric or 
electrometric means. The quantity of Karl-Fischer solution absorbed by the sample 
indicates the moisture content of the sample. 
 
In this study, the Coulometric Karl Fischer Titrator Module is from Denver Instrument 
(275KF, 260). The anolyte reagent and the catholyte reagent used were Hydranal 
Coulomat AG and Hydranal Coulomat CG respectively.  
 40
3.4.3 pH Reading 
The pH of the aqueous phase was measured before and after it was contacted with the 
organic phase using Toledo 320 pH meter from Mettler to determine the change in pH.  
 
3.5 Results and Discussion 
3.5.1 Extraction 
3.5.1.1 Effects of Initial pH of Feed Solution 
The effects of the initial pH of the aqueous feed solution on the amino acid transfer were 
studied by equilibrating a buffered feed solution containing 10mM phenylalanine and 
0.1M NaCl (with an initial pH ranging from 1.35 to 10.60) with an organic phase 
consisting of 0.05M, 0.1M or 0.2M AOT in xylene at 23oC. The use of different types of 
buffers to maintain the pH at different values is assumed to have little or no effect on the 
amount of phenylalanine extracted, as well as on the water uptake by the AOT reversed 
micelles. The initial pH and the final pH of the aqueous phase were measured after the 
extraction processes.  
 
Figure 3.6 shows the change in the pH of the aqueous feed solution after the extraction 
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It can be seen from Figure 3.6 that the change in pH after the extraction processes using 
acidic feed solutions is significant to some extent, as compared to the minimal change in 
pH when alkaline feed solutions are used. This is due to the much higher co-extraction of 
H+ when the feed solutions are acidic. It can also be observed that the change in pH 
decreases as the initial pH increases from approximately 1.35 to 8.20 before increasing 
again at pH 10.60. The decreasing change in pH can be explained by the fact that as the 
initial pH increases, the amount of H+ available for co-extraction by the AOT reversed 
micelles decreases. Consequently, for the same concentration of AOT used, the amount of 
H+ extracted decreases with the initial pH.  The change in pH at pH 10.60 increases 
probably because of the increased proportion of H+ extracted by the reversed micelles as 
almost no phenylalanine is extracted due to the similarity in charges between the AOT 
surfactants and phenylalanine.  
 
The relationship between the extraction efficiency of phenylalanine and the initial pH of 
the aqueous feed solution is shown in Figure 3.7. It is found that as the initial pH 
increases, the amount of phenylalanine extracted at equilibrium decreases. According 
Cardoso et al. (1999), both electrostatic and hydrophobic effects can affect the degree of 
extraction of hydrophobic amino acids by the reversed micelles. Since the hydrophobicity 
of phenylalanine, a slightly hydrophobic amino acid, is independent of pH, the difference 
in the degree of extraction of phenylalanine observed at different pH is due to the 
electrostatic effect. 
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Figure 3.6 Change in pH of the aqueous feed solution as a function of its initial pH for 
extraction at different AOT concentrations. System: initial CPhe = 10mM; initial CNaCl = 
0.1M; Cbuffer = 0.025M; T = 23oC. 
 





























Figure 3.7 Extraction efficiency as a function of initial pH of aqueous feed solution for 
extraction at different AOT concentrations. System: initial CPhe = 10mM; initial CNaCl = 
0.1M; Cbuffer = 0.025M; T = 23oC. 
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Depending on the pH, phenylalanine, which has pKa values at pH 2.16 and 9.13, can be 
ionized into three different ionic states (Cardoso et al., 1999). At a pH much less than 
2.16, phenylalanine exists entirely in its cationic form and the presence of the positively 
charged NH4+ group of phenylalanine can interact electrostatically with the negatively 
charged SO3- group of the AOT reversed micelles. This explains the high extraction 
efficiency observed when the initial is pH 1.35. 
 
In contrast, at an initial pH of 10.60, phenylalanine exists entirely in its anionic form and 
is unable to interact with the AOT surfactants due to the similarity in their charges (both 
are negatively charged). This leads to electrostatic repulsion between the two species and 
consequently, the amount of phenylalanine extracted is almost negligible. 
 
The extraction efficiency decreases when the initial pH increases from pH 2.16 to 9.13. 
This can be explained by the various forms of phenylalanine present. At an initial pH 
close to pH 2.16, both the cationic and zwitterionic forms of phenylalanine are present. As 
the initial pH increases, the proportion of the cationic form of phenylalanine decreases 
while the proportion of the zwitterionic phenylalanine increases until a pH that much more 
than 2.16 but much less than 9.13 where phenylalanine prevails entirely in its zwitterionic 
state. Under such conditions, electrostatic interaction is not limited only between the 
cationic phenylalanine and the negatively charged AOT reversed micelles. Phenylalanine 
in the zwitterionic form can also interact electrostatically with the AOT reversed micelles 
due to the presence of the NH4+ group in the zwitterionic phenylalanine. However, 
repulsion may also arise between the COO- group of the zwitterionic phenylalanine and 
the SO3- group of the AOT surfactant such that it hinders the interaction between the two 
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species to a certain extent. This explains why the extraction efficiency is higher when a 
higher proportion of cationic phenylalanine is present. As pH approaches 9.13, the amount 
of electrostatic interaction between phenylalanine and the AOT reversed micelles 
decreases due to the decreasing proportion of zwitterionic phenylalanine and the 
increasing proportion of the anionic form of phenylalanine present.  
 
There have been contradictory views on the mechanism of the extraction of phenylalanine 
in the zwitterionic state by reversed micelles. Cardoso et al. (1999) have attributed the 
extraction of zwitterionic phenylalanine entirely to the hydrophobic effect. In their study 
on the liquid-liquid extraction of amino acids of different degree of hydropbobicity using 
TOMAC reversed micelles in hexanol/n-heptane, they have found that there is no 
extraction of hydrophilic amino acids when they are in the zwitterionic state. In contrast, 
extraction is observed for hydrophobic or slightly hydrophobic amino acids under the 
same conditions. Hence, it is concluded from their study that phenylalanine, in the 
zwitterionic state, is extracted due to the hydrophobic interaction between the amino acid 
and the reversed micelles. 
 
In the study of the extraction of phenylalanine and tryptophan using AOT, Rabie and Vera 
(1996) have proposed that zwitterionic amino acid is able to interact electrostatically with 
both the counter-ion of the surfactant (a sodium ion) and the anionic AOT at the same 
time to form a complex, which may dissociate to expel the sodium ion. An active interface 
model involving ion-exchange reaction is used to predict the amount of zwitterionic amino 
acid extracted by the reversed micelles. The fact that this model is able to give quite an 
accurate prediction suggests that electrostatic interaction between the zwitterionic 
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phenylalanine and the reversed micelles may be possible, in addition to hydrophobic 
interaction. Similarly, this study, which also uses AOT reversed micelles and 
phenylalanine, seems to support the fact that the extraction of zwitterionic phenylalanine 
is possible by electrostatic interaction. If the extraction of zwitterionic phenylalanine is 
purely due to hydrophobic interaction, there should then be an equal amount of 
phenylalanine extracted at pH 8.20 and at pH 10.60 where only zwitterionic and/or anionic 
phenylalanine is present. This difference in the findings of Cardoso et al. (1999) with 
those of Rabie and Vera (1996) and this study reveals that different types of surfactant 
used to form the reversed micelles may affect the extraction mechanism and further study 
is needed to verify this.  
 
The influence of the initial pH of the aqueous phase on the water uptake by the reversed 
micelles at equilibrium was also investigated. The water uptake is represented by a 
parameter, Wo, which is defined as CH2O/CAOT. It must be noted that the pH of the water 
pool and the pH of the bulk aqueous phase is different since for all the conditions studied, 
Wo is less than 30 (Fu et al., 2001), as seen from Figure 3.8. It can also be observed that 
for a particular AOT concentration, Wo increases with increasing initial pH from pH 1.35 
to pH 4.00, remains approximately the same from pH 4.00 to pH 8.20 and then decreases 
slightly at pH 10.60. This observation may be explained by the effects of the different 



















Figure 3.8 Wo as a function of initial pH of aqueous feed solution for extraction at 
different AOT concentrations. System: initial CPhe = 10mM; initial CNaCl = 0.1M; Cbuffer = 
0.025M; T = 23oC. 
 
At an initial pH of 1.35, the positively charged phenylalanine is entrapped at the interface 
and the repulsive interaction between the negatively charge head groups of SO3- in AOT is 
reduced. As a result, the AOT surfactant molecules are able to come closer in their 
aggregates, forming smaller reversed micelles and hence, the water uptake per mole of 
surfactant is lower. In the pH range between 4.00 and 8.20, phenylalanine exists mainly in 
its zwitterionic form. When the zwitterionic phenylalanine is extracted into the 
microemulsion, the distance between the head groups of AOT is greater than when the 
cationic form is extracted due to the possible repulsion between the negatively charged 
COO- group of phenylalanine and the negatively charged SO3- group of AOT surfactant. 
This leads to the formation of larger reversed micelles and higher water uptake per mole 
of surfactant as compared to the reversed micelles formed under acidic condition. Fu et al. 
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(2001) have obtained similar results in their study of the extraction of phenylalanine using 
AOT reversed micelles and n-heptane as the solvent. It is noted that in the pH range 
between 4.00 and 8.20, Wo remains about the same, probably because almost all the 
phenylalanine exists as zwitterions, thus the size of the reversed micelles formed is 
similar. 
 
At an initial pH of 10.60, Wo decreases slightly for all AOT concentrations. From Figure 
3.7, it can be seen that there is negligible amount of phenylalanine extracted. This 
indicates that there is little or no interaction of phenylalanine with the AOT surfactant 
head groups that will affect the water uptake by the reversed micelles. The water uptake at 
this pH is probably the result of the interaction between the hydrophilic surfactant head 
groups and the water molecules. 
 
The preferred location of phenylalanine in the reversed micelles can also be inferred from 
the results obtained. In general, there are two possible ways in which phenylalanine is 
solubilized in the AOT reversed micelles. One is at the interface between water and the 
surfactant layer and the other is in the water core of the reversed micelles. From Figure 
3.7, it can be observed that the extraction efficiency of phenylalanine decreases with 
increasing initial pH. If the extraction of phenylalanine is mainly based on the 
solubilization of the amino acid in the water pool of the reversed micelles, then Wo should 
also decrease with increasing initial pH for a particular concentration of AOT as a larger 
water pool can solubilize more phenylalanine. However, this is not true, as seen from 
Figure 3.8. Therefore, it can be concluded that the electrostatic interaction between 
phenylalanine and AOT at the surfactant layer-water interface is the more dominant 
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solubilization mechanism in the extraction of phenylalanine by the AOT reversed micelles 
in xylene. It is also possible for phenylalanine to be solubilized in the water core of the 
reversed micelles. 
 
Similar observations have also been made by several research groups. Fu et al. (2001) 
have found that for phenylalanine in the zwitterionic state, extraction by the AOT reversed 
micelles in isooctane is mainly due to the interaction between phenylalanine and the 
reversed micelles instead of the solubilization of phenylalanine in the water pool. In 
addition, Adachi et al. (1991) and Cardoso et al. (1999) have also found that hydrophobic 
amino acids are mainly solubilized in the reversed micelles at the interface while 
hydrophilic amino acids are solubilized in the water pool of the reversed micelles.  
 
Based on the data on the extraction efficiency and the water content of the reversed 
micelles, some advantages can be associated with the use of xylene as the organic solvent. 
One advantage is the low water content of the reversed micelles. From Figure 3.8, it is 
observed that when xylene is used as the organic solvent, Wo is relatively low compared to 
systems in which isooctane is used as the solvent, as obtained by Fu et al. (2001) under 
similar experimental conditions. These low Wo values imply that most of the water in the 
reversed micelles is involved in the solvation of the surfactant or co-surfactant polar 
heads, hence the water in these reversed micelles should have different properties from the 
excess water phase (Wong et al., 1977). Since the water solubilization capacity is low, this 
system can be effectively used for the separation of different types of amino acids from 
fermentation broths because the co-extraction of other media constituents that are soluble 
in water is reduced (Cardoso et al., 1999). 
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Another advantage is the stability of the organic phase. In an equilibrium study on the 
two-phase extraction of phenylalanine by Fu et al. (2001) using AOT and n-heptane, it has 
been found that the organic phase splits into two phases at 25oC when the aqueous 
equilibrium pH is lower than 1.50. This has been attributed to two reasons. One is that the 
interfacial properties of the surfactant, under strong acidic condition, are changed due to 
the partial or total change of the head group of SO3Na in AOT molecules to SO3H. 
Another reason is that the strong acidity leads to the increase in the ionic strength of the 
aqueous solution. Comparing their findings with those in this study, using aromatic 
solvent like xylene does not result in such third phase formation when pH is lower than 
1.50 and this may imply that aromatic solvent may be a more appropriate solvent to be 
used in the liquid-liquid extraction of amino acids from an aqueous solution that is of a 
low pH. 
 
3.5.1.2 Effects of Surfactant (AOT) Concentration 
To investigate the effects of the AOT concentration in the organic phase on the extraction 
processes, experiments were carried out under various initial pH of the feed solution using 
different AOT concentrations at 23oC. The initial concentration of phenylalanine and 
NaCl were 10mM and 0.1M respectively while the concentration of AOT was varied at 
0.05M, 0.1M and 0.2M.  
 
From Figure 3.6, the change in pH is less than 0.40. This again indicates that the co-
extraction of H+ is small such that the buffer is able to maintain the pH of the system. The 
difference in the changes in pH due to the different concentrations of AOT used is 
negligible for each of the initial pH studied except at pH 1.35 and pH 4.00. A more 
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significant change in pH is observed when the AOT concentration is 0.2M at these pH 
values. This can be explained by the higher degree of H+ co-extraction. When the pH is 
low, more H+ is available for co-extraction. Coupled with the presence of more reversed 
micelles due to a higher AOT concentration, more H+ is extracted by the negatively 
charged reversed micelles as compared to the other conditions studied, hence explaining 
the larger difference in the pH before and after extraction.  
 
From the results illustrated in Figure 3.7, it is found that for a particular initial pH in the 
range of pH 1.35 to pH 8.20, the amount of phenylalanine extracted from the aqueous 
phase to the organic phase increases as the concentration of AOT increases. This may be 
due to either the formation of more reversed micelles or an increase in the size of the 
reversed micelles as the concentration of AOT increases, which enhances the extraction 
efficiency. Battistel and Luisi (1989) have suggested that the total number of reversed 
micelles remains the same regardless of the surfactant concentration, which imply that in 
this study, the increase in the amount of phenylalanine extracted with increasing AOT 
concentration may be due to the increase in the size of the reversed micelles. On the other 
hand, when the initial pH of the feed solution is 10.60, the amount of phenylalanine 
extracted is almost the same regardless of the concentration of AOT. This is because no 
electrostatic interaction exists between phenylalanine and AOT at this pH as both species 
are negatively charged. 
 
Figure 3.8 shows the effect of AOT concentration on the equilibrium water content in the 
reversed micelles after extraction. It is found that at the pH which phenylalanine exists 
mainly in its cationic state (at pH 1.35), Wo increases with AOT concentration. In contrast, 
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when phenylalanine is mainly zwitterionic at pH 4.00, pH 6.50 and pH 8.00, as well as 
anionic at pH 10.60, Wo remains approximately the same regardless of the AOT 
concentration.  
 
The increase in Wo with AOT concentration at pH 1.35 may be due to the decreased 
shielding provided by the entrapped phenylalanine on the reversed micellar interface. 
From Figure 3.9, it is observed that the extraction efficiency of phenylalanine does not 
increase linearly with the increase in the AOT concentration at an initial pH of 1.35. 
Considering that the increase in the surfactant concentration in the organic phase does not 
change the dimensions of the reversed micelles or their aggregate number (Battistel and 
Luisi, 1989) but only the number of micelles formed, this means that the amount of 
positively charged phenylalanine entrapped at the interface of each reversed micelle 
decreases with an increase in the AOT concentration. This is based on the assumption that 
the amount of phenylalanine that is solubilized in each reversed micelle is the same. 
Consequently, less shielding is provided by the cationic phenylalanine to minimize the 
electrostatic repulsion between the negatively charged AOT surfactant molecules, hence 
larger reversed micelles are formed as the AOT concentration increases. This leads to 
higher water content per mole of surfactants. Cardoso et al. (1999), who have worked on 
the TOMAC/ hexanol/ n-heptane system, also find that Wo increases slightly with an 
increase in TOMAC concentration up to about 0.15mM when the amino acids and the 
surfactants are oppositely charged. 
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 initial pH = 1.35
 
Figure 3.9 Extraction efficiency as a function of AOT concentration for extraction at 
initial feed pH 1.35. System: initial CPhe = 10mM; initial CNaCl = 0.1M; Cbuffer = 0.025M; T 
= 23oC. 
 
In contrast, Figure 3.10 illustrates that at pH 4.00, 6.50 and 8.20, the amount of 
phenylalanine extracted increases approximately linearly with the increase in AOT 
concentration. This implies that the amount of phenylalanine extracted by each reversed 
micelle is approximately the same when the concentration of AOT increases. Therefore, 
equal degree of shielding is provided by phenylalanine in each reversed micelle, which 
leads to the formation of reversed micelles that are of approximately the same size. 
 
At pH 10.60, the amount of phenylalanine extracted is very little and is almost negligible 
regardless of the concentration of AOT, as illustrated in Figure 3.7. As the increase in 
AOT concentration only increases the total number of reversed micelles formed (Battistel 
and Luisi, 1989), Wo should be about the same, which is the case as shown in Figure 3.8. 
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 Initial feed pH = 4.00
 Initial feed pH = 6.50
 Initial feed pH = 8.20
 
Figure 3.10 Extraction efficiency as a function of AOT concentration for extraction at 
initial feed pH 4.00, 6.50 and 8.20. System: initial CPhe = 10mM; initial CNaCl = 0.1M; 
Cbuffer = 0.025M; T = 23oC. 
 
3.5.1.3 Effects of Salt (NaCl) Concentration in Feed Solution 
In many studies on the liquid-liquid extraction of amino acids using reversed micelles 
formed from surfactants such as TOMAC and D2EHPA, salt was not added into the 
aqueous phase, unlike in researches where AOT was used as the surfactant. Preliminary 
experiments showed that it was possible for significant amount of AOT to transfer from 
the organic phase to the aqueous phase when salt was not added. Upon the addition of salt 
into the aqueous phase, it was shown that the transfer of AOT to the organic phase was 
minimized, thus the concentration of AOT in the organic phase was kept approximately 
constant. Consequently, salt was added into the aqueous phase in this study and the salt 
selected was sodium chloride (NaCl).  
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As the addition of NaCl into the aqueous phase could influence the degree of extraction 
and the water uptake by the reversed micelles, the effects of the concentration of NaCl 
were investigated. The concentration of NaCl was varied from 0.05M to 1M at three 
different temperatures, namely at 23oC, 30oC and 37oC. The initial pH of the aqueous feed 
phase was 1.35 while the initial phenylalanine concentration and AOT concentration were 
10mM and 0.05M respectively.  
 
Figure 3.11 shows the change in the pH of the feed solutions before and after the 
extractions. The maximum change in pH is 0.20, which indicates that the degree of co-
extraction of H+ is much less than the extraction of phenylalanine by the AOT reversed 
micelles. 
 
The influence of the concentration of NaCl on the extraction efficiency of phenylalanine is 
presented in Figure 3.12. It can be seen that increasing the concentration of NaCl leads to 
a decrease in the amount of phenylalanine transferred from the aqueous phase to the 
organic phase. This may be explained by the electrostatic effect. 
 
According to Hatton (1987), the electrostatic potential of a charged surface across an 
electrolyte solution varies inversely with the ionic strength of the solution, and is 
characterized by the Debye length. By increasing the concentration of NaCl in the aqueous 
phase, the ionic strength of the solution also increases. Increasing the ionic strength 
decreases the Debye length and compresses the electric double layer. Consequently, the 
strength of interactions between the amino acid and the micellar interface is reduced and 
thus, the amount of phenylalanine extracted decreases, as shown in this study. Similar  
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Figure 3.11 Change in pH of aqueous feed solution as a function of NaCl concentration 
for extraction at different temperatures. System: initial CPhe = 10mM; Cphosphoric acid buffer = 
0.025M; initial pH of feed solution = 1.30-1.40; CAOT = 0.05M. 
 



























Figure 3.12 Extraction efficiency as a function of NaCl concentration for extraction at 
different temperatures. System: initial CPhe = 10mM; Cphosphoric acid buffer = 0.025M; initial 
pH of feed solution = 1.30-1.40; CAOT = 0.05M. 
 56
results were obtained by Cardoso et al. (1999). 
 
Figure 3.13 gives the relationship between Wo and the NaCl concentration in the aqueous 
phase. It can be observed that as the concentration of NaCl increases, Wo decreases. This 
can be explained by the fact that as the salt concentration increases, more salt will be 
present between the AOT head groups. As a result, the repulsive interactions between 
these surfactant head groups are reduced and smaller reversed micelles are formed 
(Hatton, 1987). Thus, the water uptake per mole of surfactant decreases.   
 
 
















Figure 3.13 Wo as a function of NaCl concentration for extraction at different 
temperatures. System: initial CPhe = 10mM; Cphosphoric acid buffer = 0.025M; initial pH of feed 
solution = 1.30-1.40; CAOT = 0.05M. 
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3.5.1.4 Effects of Extraction Temperature 
To investigate the effects of temperature on the extraction efficiency, the temperature was 
varied at 23oC, 30oC and 37oC. The initial concentration of phenylalanine and the 
concentration of AOT were 10mM and 0.05M respectively while the concentration of 
NaCl was varied between 0.05M and 1M. As seen from Figure 3.11, the change in pH is 
less than 0.20. No particular trend in the change of pH with temperature is observed, 
although it appears that extractions carried out at 37oC result in the largest change in pH 
among the three temperatures studied.  
 
The influence of temperature on the extraction efficiency is shown in Figure 3.12. 
Temperature does not appear to have any significant effect on the extraction of 
phenylalanine using a particular NaCl concentration and in general, the extraction 
efficiency decreases only slightly with increasing temperature.  
 
Figure 3.13 illustrates the effect of temperature on the water uptake by the reversed 
micelles at equilibrium. It can be seen that when the NaCl concentration is less than 0.2M, 
Wo generally increases with increasing temperature. Fu et al. (2001) have reported similar 
observations for AOT/n-heptane system with NaCl concentration of 0.1M and 
phenylalanine concentration of 6mM. On the other hand, when the NaCl concentration is 
more than 0.2M, Wo is approximately the same for all the three temperatures studied. 
 
From Figure 3.12, the fact that the extraction efficiency remains approximately the same 
when the NaCl concentration is less than 0.2M despite an increase in the water uptake per 
mole of surfactants at higher temperature may imply that increasing the extraction 
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temperature does not increase the solubility of phenylalanine in the water pool of the 
reversed micelles and that the phenylalanine uptake by the reversed micelles is mainly 
through electrostatic interaction. This is in contrast to the results of Fu et al. (2001) in their 
study of the AOT-n-heptane/phenylalanine-NaCl(0.1M)-water system where the 
solubilization of phenylalanine is about 20% at 25oC and increases to 40% and 70% at 
35oC and 45oC respectively with the increase in the water uptake. 
 
Fu et al. (2001) have also noted that at higher temperatures (35oC and 45oC), the organic 
phase splits into two phases where all the surfactants, the extracted amino acid and water 
exist in the middle phase. They have attributed this phenomenon to the aggregation of the 
surfactant molecules with the amino acid. On the other hand, no observation of third phase 
formation has been made at 37oC in this study and this is one of the advantages of using 
aromatic solvent instead of aliphatic solvent. 
 
3.5.1.5 Effects of Initial Amino Acid Concentration in Feed Solution 
The effects of the initial phenylalanine concentration on the change in the pH of the 
aqueous feed solution, extraction efficiency and Wo were studied at different AOT 
concentrations, as well as temperatures. Equilibrium experiments were first carried out 
using different AOT concentrations (0.05M, 0.1M and 0.2M) at 23oC, where the initial 
amino acid concentration was varied from 5mM to 30mM. The NaCl concentration in a 
0.025M phosphoric acid buffer remained at 0.1M and the pH of the aqueous feed solution 
was approximately 1.35. To study the effects of the initial phenylalanine concentration as 
a function of temperature, the equilibrium experiments were repeated by holding both the 
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NaCl concentration and the AOT concentration constant at 0.1M but performing the 
extractions at 23oC, 30oC and 37oC. 
 
Figure 3.14 and Figure 3.15 show the change in the pH of the aqueous feed solution at 
various AOT concentrations and temperatures respectively. Both figures indicate that 
regardless of the AOT concentration and temperature, the change in pH remains fairly 
constant as the initial phenylalanine concentration increases up to a concentration of 
15mM but increases slightly when the initial concentration is 30mM.  
 
 





















Figure 3.14 Change in pH as a function of initial phenylalanine concentration for 
extraction at different AOT concentrations. System: initial CNaCl = 0.1M; Cphosphoric acid buffer 

























Figure 3.15 Change in pH as a function of initial phenylalanine concentration for 
extraction at different temperatures. System: initial CNaCl = 0.1M; Cphosphoric acid buffer = 




The influences of the initial phenylalanine concentration on the extraction efficiency are 
shown in Figure 3.16 and Figure 3.17 for various AOT concentrations and temperatures 
respectively. It is observed that there is gradual decrease in the extraction efficiency for all 
the AOT concentrations and temperatures studied when the initial phenylalanine 
concentration ranges from 5mM to 15mM such that it remains almost constant. At an 
initial phenylalanine concentration of 30mM, the decrease in extraction efficiency is 
slightly higher. This may be due to the fact that the extraction of a larger amount of 
cationic phenylalanine made the effective AOT concentration lower, hence the amount of 
phenylalanine extracted is also smaller. Similar observation is made by Fu et al. (2001) in 
their study of the extraction of phenylalanine with an initial phenylalanine concentration 
ranging from 0mM to 80mM via AOT reversed micelles, where it has been found that the  
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Figure 3.16 Extraction efficiency as a function of initial phenylalanine concentration for 
extraction at different AOT concentrations. System: initial CNaCl = 0.1M; Cphosphoric acid buffer 
= 0.025M, initial pH = 1.30-1.40; T=23oC. 
 
 























Figure 3.17 Extraction efficiency as a function of initial phenylalanine concentration for 
extraction at different temperatures. System: initial CNaCl = 0.1M; Cphosphoric acid buffer = 
0.025M, initial pH = 1.30-1.40; CAOT = 0.1M. 
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distribution coefficient decreases with the initial phenylalanine concentration. 
 
Figures 3.18 and 3.19 present the effects of the initial phenylalanine concentration on Wo 
for different AOT concentrations and temperatures respectively. Wo is found to decrease 
with increasing amino acid concentration. This is explained by the changing shape and 
size of the reversed micelles. Adachi et al. (1991) have discovered the same phenomenon 
in their equilibrium study on the extraction of tryptophan by AOT reversed micelles 
dissolved in n-heptane. At a low pH where tryptophan exists in the cationic form, they 
have suggested that the shape and size of the reversed micelles change from spherical to 
cylindrical at a high tryptophan-loading ratio, which is defined as the ratio of the 
concentration of tryptophan to the concentration of AOT. Consequently, the diameter and 
the length of the reversed micelles decreases and increases respectively as the initial 
concentration of amino acid increases, leading to a decrease in Wo. In the present study, it 
is also likely that an increase in the initial phenylalanine concentration causes a similar 
change in the shape and size of the reversed micelles. Further investigation is needed. Fu 
et al. (2001) have also noticed a decrease in Wo with increasing initial amino acid 
concentration when AOT reversed micelles are used to extract phenylalanine. 
 
On the other hand, Cardoso et al. (1999) have found, in their equilibrium study on the 
extraction of phenylalanine with TOMAC, that when opposite charge exists between the 
surfactant and the amino acid, Wo increases with increasing initial amino acid 
concentration. This suggests that the type of surfactants used can affect the water uptake 
of the reversed micelles. 
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Figure 3.18 Wo as a function of initial phenylalanine concentration for extraction at 
different AOT concentrations. System: initial CNaCl = 0.1M; Cphosphoric acid buffer = 0.025M, 




















Figure 3.19 Wo as a function of initial phenylalanine concentration for extraction at 
different temperatures. System: initial CNaCl = 0.1M; Cphosphoric acid buffer = 0.025M, initial pH 
= 1.30-1.40; CAOT = 0.1M. 
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3.5.2 Stripping 
3.5.2.1 Effects of Initial pH in Strip Solution 
To study the effects of the initial pH of the aqueous strip phase on the transfer of amino 
acid, the pH was varied from 1.35 to 12.00 and the concentration of NaCl was varied from 
0.05M to 1M. The micellar phase was obtained by equilibrating a buffered aqueous phase 
(pH 1.35) containing an initial phenylalanine concentration of 10mM and a NaCl 
concentration of 0.1M with xylene containing an AOT concentration of 0.1M at 23oC.  
 
Figure 3.20 presents the change in the pH of the aqueous strip solution at different initial 






bb pHpHpH −=∆       (3.11) 
 
 
As observed from Figure 3.20, the change in pH of the strip solution is negative for all the 
values of the initial pH studied. This indicates that there is a decrease in pH and is 
probably due to the H+ released by the reversed micelles during the stripping processes. 
For a particular NaCl concentration in the strip solution, the change in pH increases as the 
initial pH increases from 1.35 to 6.50, after which, the change remains approximately 
constant as the initial pH increases further from 8.50 to 12.00. This observation may be 
attributed to the difference in the concentration of H+ between the water pool of the 
reversed micelles and the strip solution. Since the aqueous feed solutions used to prepare 
the phenylalanine-loaded micellar phases were of an initial pH of 1.35, the pH of the water 
in the reversed micelles would most likely be close to 1.35. As a result, when the micellar 
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phase was contacted with a strip solution of pH 1.35, the concentration gradient of H+ was 
less than that with an initial pH that differed significantly from the pH of the water pool. 
This explains why the change in pH is larger as the initial pH of the strip solution 
increases. The approximately constant change in the initial pH from pH 8.50 to 12.00 may 
be due to the fact that the amount of H+ that can be transferred to the strip solution from 
the reversed micelles has reached a maximum beyond a certain pH. 
 























Figure 3.20 Change in pH of aqueous strip solution as a function of its initial pH for 
stripping at different NaCl concentrations. System: Cbuffer = 0.025M; CAOT = 0.1M; initial 
CPhe in micellar phase = 8.4-9.4mM; T = 23oC. 
 
The relationship between the initial pH of the aqueous strip solution and the stripping 
efficiency is illustrated in Figure 3.21. It is found that as the initial pH of the aqueous strip 
solution increases, the stripping efficiency generally increases. This can be explained by 
the electrostatic effect (Adachi et al., 1991). As the pH increases, the amount of 
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phenylalanine that prevails in its zwitterionic and/or anionic form increases, hence 
increasing the degree of repulsion between phenylalanine and the negatively charged 
AOT. This releases the phenylalanine from the reversed micelles and thus, the stripping 
efficiency increases. 
 































Figure 3.21 Stripping efficiency as a function of its initial pH for stripping at different 
NaCl concentrations. System: Cbuffer = 0.025M; CAOT = 0.1M; initial CPhe in micellar phase 
= 8.4-9.4mM; T = 23oC. 
 
Figure 3.22 shows the variation of Wo with the initial pH of the aqueous strip solution at 
different NaCl concentrations. It is observed that Wo generally increases slightly with 
increasing initial pH of the strip solution for a particular NaCl concentration that is less 
than 0.5M. This observation is in good agreement with the trend for the stripping 
efficiency, as presented in Figure 3.21, since the increase in the stripping efficiency with 
pH implies that increasing amount of phenylalanine is released from the AOT reversed 
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micelles such that the strength of repulsive interaction between the AOT surfactants also 
increases. Consequently, larger reversed micelles with higher water contents are formed. 
This is based on the assumption that the size of the reversed micelles is proportional to the 
water content. On the other hand, Wo remains approximately the same with increasing 
initial pH when the salt concentration is above 0.5M. The larger amount of ions present 
increasingly screens the interaction between the surfactants, which is in contrast to the 
decreasing degree of shielding provided by the decreasing amount of phenylalanine 
present in the reversed micelles.  
 




















Figure 3.22 Wo as a function of its initial pH for stripping at different NaCl 
concentrations. System: Cbuffer = 0.025M; CAOT = 0.1M; initial CPhe in micellar phase = 
8.4-9.4mM; T = 23oC. 
 
From the study on the effects of the initial pH of the strip solution, the fact that there is 
little or no difference in Wo despite the increase in stripping efficiency with an increase in 
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the initial pH of the strip solution for a particular NaCl concentration (Figure 3.21) may 
imply that the expulsion of phenylalanine from the reversed micelles is mainly governed 
by the electrostatic repulsion between phenylalanine and the AOT surfactants.  
 
3.5.2.2 Effects of Salt (NaCl) Concentration in Strip Solution 
The influences of the concentration of NaCl in the strip solution were determined by 
varying the concentration of NaCl from 0.05M to 1M and carrying out the stripping 
processes at different initial pH of the strip solution. Figure 3.20 shows that generally, the 
change in the pH of the strip solution is approximately the same at a particular initial pH 
of the strip solution for all the NaCl concentrations studied. This is probably because the 
concentration of NaCl does not significantly affect the total amount of H+ released by the 
reversed micelles during the stripping processes such that the increase in H+ in the strip 
solution is almost the same. 
 
The effect of the salt concentration on the stripping efficiency can be seen from Figure 
3.21. For all the aqueous strip solution with an initial pH of 6.50 or less, increasing the 
concentration of NaCl leads to an increase in the back-transfer of phenylalanine from the 
micellar phase to the strip solution. One reason may be due to the increased screening of 
the similarly charged AOT surfactant molecules by the increasing amount of ions present. 
Consequently, the electrostatic interactions between phenylalanine and the AOT surfactant 
molecules are hindered to a larger extent and more phenylalanine is released into the strip 
solution. Another reason may be due to the squeezing-out effect (Leodidis and Hatton, 
1990). Increasing the amount of ions present increases the degree of shielding of the AOT 
surfactants from one another. This decreases the size of the reversed micelles, as seen 
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from the decreasing value of Wo with the NaCl concentration shown in Figure 3.21, and 
the amino acid molecules are expelled from the curved micellar interface.  
 
On the other hand, at an initial aqueous pH that is 8.50 or higher, the degree of back-
transfer of phenylalanine remains approximately the same for all the salt concentration 
studied despite a decrease in Wo, as indicated by Figure 3.22. This different phenomenon 
may indicate that the effect of electrostatic repulsion arising from the similarity in the 
charges of phenylalanine and the AOT surfactants at higher pH is more predominant in 
releasing the amino acid from the reversed micelles than the squeezing-out effect through 
size exclusion. 
 
The effect of the salt concentration on Wo is shown in Figure 3.22. It is evident that Wo 
generally decreases with the concentration of NaCl for all the initial pH studied. This may 
be due to the formation of smaller reversed micelles that resulted from the reduced 
repulsion between the surfactant head groups as the salt concentration increases.  
 
3.5.2.3 Effects of Stripping Temperature 
The effects of temperature on the stripping processes were investigated for different initial 
concentrations of phenylalanine in the micellar phases, which were obtained by 
equilibrating a buffered aqueous phase (pH 1.35) containing various initial phenylalanine 
concentration and 0.1M of NaCl with xylene containing an AOT concentration of 0.1M at 
23oC. The stripping processes were carried out by contacting the micellar phases with an 
equal volume of 1M NaCl-containing buffered strip solution of pH 12.00 at 23oC, 30oC 
and 37oC until equilibrium was reached.  
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Figure 3.23 shows the influence of temperature on the change in pH of the strip solution 
for the stripping processes. The change in pH is independent of the stripping temperature 
at 23oC, 30oC and 37oC for all the initial phenylalanine concentrations in the micellar 
phase studied. This may imply that the variation in the amount of H+ transferred from the 
reversed micelles to the strip solution at different temperatures is small such that the pH of 
the strip solution is affected to a similar extent. 
 


















Figure 3.23 Change in pH as a function of initial phenylalanine concentration in the 
micellar phase for stripping at different temperatures. System: initial CNaCl = 0.5M; Cborax 
buffer = 0.025M, initial strip pH = 11.98-12.08; CAOT = 0.1M; initial CPhe in micellar phase 
= 9.4-9.9mM; T = 23oC. 
 
The effect of temperature on the stripping efficiency is not very significant, as shown in 
Figure 3.24. Only a small deviation in the values of the stripping efficiency is observed for 
all the temperatures studied when the initial phenylalanine in the micellar phase is less 
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than or equal to 15mM. There is also no trend observed on how the stripping efficiency 
varies with increasing temperature. On the other hand, a slightly larger difference in the 
stripping efficiency is seen when the initial phenylalanine concentration is 30mM. This 
may suggest that temperature affects the stripping efficiency only when the concentration 



























Figure 3.24 Stripping efficiency as a function of initial phenylalanine concentration in the 
micellar phase for stripping at different temperatures. System: initial CNaCl = 0.5M; Cborax 
buffer = 0.025M, initial strip pH = 11.98-12.08; CAOT = 0.1M; initial CPhe in micellar phase 

















Figure 3.25 Wo as a function of initial phenylalanine concentration in the micellar phase 
for stripping at different temperatures. System: initial CNaCl = 0.5M; Cborax buffer = 0.025M, 




Figure 3.25 presents the effect of the initial phenylalanine concentration on Wo at various 
temperatures. Wo is found to be approximately the same at the different temperatures 
studied and this suggests that the amount of water released or taken up by the reversed 
micelles during the stripping processes is nearly independent of temperature. 
 
3.5.2.4 Effects of Initial Amino Acid Concentration in Micellar Phase 
The effects of the initial phenylalanine concentration in the micellar phase at equilibrium 
on the stripping processes were investigated at different NaCl concentrations in the strip 
solution. Various phenylalanine-loaded micellar phases were obtained by equilibrating a 
NaCl-containing buffer (pH 1.30-1.40) containing different concentrations of 
phenylalanine (5-30mM) with an organic phase comprising of 0.1M AOT in xylene at 
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23oC. The micellar phases containing different initial phenylalanine concentrations were 
then brought into contact with a buffered aqueous strip solution of pH 11.98-12.08 at 
23oC. The NaCl concentration in the strip solution was varied at 0.2M, 0.5M and 1M. 
 
The influence of the initial phenylalanine concentration in the micellar phase on the 
change in pH at various NaCl concentrations is presented in Figure 3.26. It can be seen 
that the change in pH is negative, which indicate that the pH of the strip solution is 
decreased after the stripping processes. There may be due to a transfer of the H+ entrapped 
in the reversed micelles to the strip solution due to a concentration difference in the ion. 
The difference in the pH of the strip solution after stripping is also observed to increase 
gradually with an increase in the initial phenylalanine concentration. This is probably due 
to the slightly larger amount of H+ extracted by the reversed micelles at higher 
phenylalanine concentrations in the feed solution, as observed during the preparation of 
the micellar phases for the stripping processes. 
 
Figure 3.27 shows the effect of the initial phenylalanine concentration in the micellar 
phase on the stripping efficiency at different NaCl concentrations. There is an insignificant 
decrease in the stripping efficiency with increasing initial phenylalanine concentration for 
a particular NaCl concentration except at a higher phenylalanine concentration of 30mM. 
One reason may be that there is a maximum amount of phenylalanine that can be released 
from the reversed micelles for a particular phenylalanine concentration in the organic 
phase. Further investigations are required.  
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Figure 3.26 Change in pH as a function of initial phenylalanine concentration in the 
micellar phase for stripping at different NaCl concentrations. System: Cborax buffer = 
0.025M, initial strip pH = 11.98-12.08; CAOT = 0.1M; initial CPhe in micellar phase = 9.4-
9.9mM; T = 23oC. 
 






















Figure 3.27 Stripping efficiency as a function of initial phenylalanine concentration in the 
micellar phase for stripping at different NaCl concentrations. System: initial CNaCl = 0.5M; 
Cborax buffer = 0.025M, initial strip pH = 11.98-12.08; CAOT = 0.1M; initial CPhe in micellar 
phase = 9.4-9.9mM; T = 23oC. 
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The effect of NaCl concentrations on Wo is presented in Figure 3.28. Wo is found to 
increase slightly with increasing amino acid concentration in the micellar phase such that 
it remains approximately the same. According to Adachi et al. (1991), in their study on the 
extraction of an amino acid using reversed micelles, the shape and size of the reversed 
micelles change with the initial amino acid such that it causes a change in Wo. Similarly, 
in this case, the shape and size of the reversed micelles may also change at higher ratio of 
initial amino acid concentration to surfactant concentration such that it results in the 
observed trend. Further investigated is again required to verify this hypothesis. 
 
 















Figure 3.28 Wo as a function of initial phenylalanine concentration in the micellar phase 
for stripping at different NaCl concentrations. System: initial CNaCl = 0.5M; Cborax buffer = 
0.025M, initial strip pH = 11.98-12.08; CAOT = 0.1M; initial CPhe in micellar phase = 9.4-
9.9mM; T = 23oC. 
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4 Kinetic Studies 
In order to perform the liquid-liquid extraction and stripping of L-phenylalanine using 
reversed micelles, it is important to understand the mass transfer behavior of the amino 
acid so as to allow the rational design of the separation equipment. Hence, kinetic studies 
were carried out using a stirred cell with flat liquid-liquid interface. This chapter presents 
the findings on the effects of surfactant concentrations in the organic phase at different 
temperatures on the extraction rates, as well as the effects of the salt concentrations in the 
aqueous strip solution at various temperatures on the stripping kinetics. 
 
4.1 Experimental 
4.1.1 Experimental Conditions 
4.1.1.1 Extraction 
Based on the equilibrium studies conducted on the liquid-liquid extraction of 
phenylalanine from the aqueous feed solution to the organic phase via reversed micelles, it 
was found that a high degree of the amino acid was extraction when the aqueous phase 
was acidic and when the salt concentration was low. Hence, such conditions in the 
aqueous phase, as shown in Table 4.1, were used in the study of the transfer rate of 
phenylalanine in the extraction processes. The kinetic studies were carried out at 23oC, 
30oC, 37oC where the AOT was dried at 70oC for at least one day before use. This was to 
remove the moisture trapped by the surfactant, as the presence of moisture would affect 
the extraction rate of phenylalanine. Table 4.1 also shows the experimental conditions and 
reagents of the organic phase. 
 77
Table 4.1 Experimental conditions and reagents in the aqueous feed solution phase and the 
organic phase for the kinetic studies on the extraction processes. 
Aqueous feed solution  
          Initial pH : 1.35 
          Buffer type : Phosphoric acid  
          Buffer concentration (M)  : 0.025 
          NaCl concentration (M) : 0.1 
          Phenylalanine concentration (mM) : 10 
  
Organic phase  
          Organic solvent : Xylene 
          AOT concentration (M)  : 0.05-0.2 
  




From the equilibrium studies, it was found that the stripping processes were most efficient 
when the initial pH of the aqueous strip solution was high. Therefore, in the kinetic studies 
on stripping, phenylalanine in the anionic form was used. The micellar phase was first 
prepared by equilibrating an aqueous phase of pH 1.35 containing 0.025M phosphoric 
buffer, 0.1M NaCl and 0.01M phenylalanine with an equal volume of organic phase 
consisting of 0.1M AOT in xylene. The stripping processes were then performed at 23oC, 
30oC and 37oC. Table 4.2 shows the experimental conditions and reagents of the aqueous 





Table 4.2 Experimental conditions and reagents in the aqueous strip solution and the 
micellar phase for the kinetic studies on the stripping processes. 
Aqueous strip solution  
          Initial pH : 12.00 
          Buffer type : Borax 
          Buffer concentration (M)  : 0.025 
          NaCl concentration (M) : 0.2 - 1 
  
Organic phase  
          Organic solvent : 0.1M AOT in xylene with preloaded   
  phenylalanine 
  
Temperature (oC)  : 23-37 
 
 
4.1.2 Experimental Setup 
A stirred transfer cell, as shown in Figure 4.1, was used in the kinetic studies. The cell 
consisted of a cylindrical glass compartment with an inner diameter of 5cm and a height of 
9cm. A set of baffles was placed inside the glass compartment to prevent the formation of 
vortex and to minimize interfacial ripples during stirring. The cell was surrounded by a 
water jacket to maintain a constant temperature in the cell. 
 
Two four-blade stirrers, whose height could be adjusted, were inserted from the middle of 
both the upper and lower flanges. Each flange had two openings that were sealed with 


















































4.1.3 Experimental Procedure 
4.1.3.1 Extraction 
80ml of the aqueous feed solution was first introduced into the transfer cell using a 
syringe. The lower stirrer and the external thermostatic bath, from which water was 
circulated to the jacket to maintain a uniform temperature in the cell during each run, were 
switched on to allow the aqueous phase to reach a constant preset temperature.  
 
When the aqueous solution reached the desired temperature, the switch of the lower stirrer 
was switched off. The organic solution of the same volume and temperature was 
introduced carefully into the cell along the wall so as to prevent disturbances from arising 
at the interface, which would affect the mass transfer of the solute. 
 
Both the top and lower stirrers, which were placed at 2/3 of each liquid depth from the 
liquid-liquid interface, were then switched on. The aqueous phase and the organic phase 
were stirred independently at 70 rpm in opposite directions. Based on preliminary 
experiments, this stirring speed did not disturb the interface significantly and it allowed 
the bulk phases to be well mixed. A Guard DT832C microprocessor tachometer (Japan) 
was used for the rotation speed measurements.  
 
Equal volumes of the aqueous phase and the organic phase were simultaneously 
withdrawn at different times during the experiment using a syringe. The heights of the 
stirrers in both the aqueous phase and the organic phase were adjusted throughout the 
experiment such that they remained at a position 2/3 away from the liquid-liquid interface. 
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For the stripping processes, the experimental procedure was the same as that described for 
the extraction processes except that the aqueous feed solution and the organic phase were 
replaced by the aqueous strip solution and the micellar phase with preloaded 
phenylalanine respectively.  
 
4.2 Results and Discussion 
4.2.1 Extraction 
4.2.1.1 Effect of Surfactant (AOT) Concentration 
In the kinetic studies on the influence of the surfactant concentration on the rate of the 
liquid-liquid extraction of phenylalanine, a phosphoric acid buffered feed solution 
containing 10mM of phenylalanine and 0.1M of NaCl was brought into contact with an 
organic phase consisting of AOT in xylene where the surfactant concentration was varied 
at 0.05M, 0.1M and 0.2M. The kinetic studies were carried out at three temperatures, 
namely, at 23oC, 30oC, 37oC.  
 
Numerous sets of replicate experiments were performed to test the reproducibility of the 
data. The concentration-time profiles of phenylalanine in the aqueous phase for a typical 
set of replicate experiment are shown in Figure 4.2. As is evident, the experiment showed 
a high degree of reproducibility. 
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Figure 4.2 Reproducibility study of stirred transfer cell experiment for extraction at 23oC 
using 0.1M AOT. 
 
Figures 4.3 (a), (b) and (c) show the experimental concentration-time profiles of 
phenylalanine during extraction using different AOT concentrations at 23oC, 30oC, 37oC 
respectively. At each temperature, a larger amount of amino acid was transferred from the 
feed solution to the organic phase with an increase in the surfactant concentration.  
 
4.2.1.2 Effect of Extraction Temperature 
Figures 4.4 (a), (b) and (c) present the experimental concentration-time profiles of 
phenylalanine during extraction at different temperatures when the AOT concentration is 
0.05M, 0.1M and 0.2M respectively. It is observed that for all the surfactant 
concentrations studied, the amount of phenylalanine transferred to the organic phase 










































































































Figure 4.3 Experimental concentration-time profiles for extraction at different AOT 















































































































Figure 4.4 Experimental concentration-time profiles for extraction at different 
temperatures when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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4.2.2 Stripping 
4.2.2.1 Effect of Salt (NaCl) Concentration in Strip Solution 
The influence of the salt concentration in the strip solution on the rate of the liquid-liquid 
stripping of phenylalanine from the amino acid loaded micellar was studied by varying the 
NaCl concentration in the aqueous strip solution at 0.2M, 0.5M and 1M. The stripping 
processes were performed at 23oC, 30oC and 37oC. 
 
Illustrated in Figures 4.5 (a), (b) and (c) are the experimental concentration-time profiles 
of phenylalanine during stripping using different initial NaCl concentrations in the 
aqueous strip solution at 23oC, 30oC and 37oC respectively. The figures indicate that the 
amount of phenylalanine that is stripped from the micellar phase to the strip solution at 
any point of time during the extraction process is comparable at different NaCl 
concentrations at any particular temperature.  
 
4.2.2.2 Effect of Stripping Temperature 
Figures 4.6 (a), (b) and (c) present the experimental concentration-time profiles of 
phenylalanine during stripping at different temperatures when the NaCl concentration in 
the aqueous strip solution is 0.2M, 0.5M and 1.0 M respectively. It is observed that 
increasing the temperature increases the total amount of phenylalanine that is stripped 



































































































Figure 4.5 Experimental concentration-time profiles for stripping at different NaCl 



































































































Figure 4.6 Experimental concentration-time profiles for stripping at different temperatures 
when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M. 
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5 Linear Driving Force Mass Transfer Model 
In this chapter, a model has been developed to determine the overall mass transfer 
coefficients for the extraction and stripping processes using the linear driving force mass 
transfer mechanism where the relationship between the equilibrium amino acid 
concentrations in both the aqueous phase and the organic phase is described by (i) a linear 
isotherm and (ii) a Langmuir isotherm.  
 
5.1 Formulation of Kinetic Model 
In experimental determinations of the rate of mass transfer of phenylalanine from one 
phase to another, it is possible to determine the phenylalanine concentrations in the bulk 
aqueous phase and the bulk organic phase by sampling and analyzing. Successful 
sampling of the phenylalanine concentrations at the interface, however, is ordinarily 
impossible, since the greatest part of the concentration differences of phenylalanine takes 
place over extremely small distances. Under theses circumstances, only an overall effect, 
in terms of the bulk concentrations, can be determined. 
 
A linear driving force mass transfer model is developed to determine the overall mass 
transfer coefficients for both the extraction and stripping processes. In the case of 
extraction, the expression for the transfer rate in terms of the overall mass transfer 















⎛=−     (5.1) 
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For stripping, the rate of mass transfer is similarly described in terms of the overall mass 















⎛=−     (5.2) 
 
Different isotherms can be incorporated in the linear driving force mass transfer model. 
Linear and Langmuir isotherms are examples of such isotherms and they are used to 
predict the overall mass transfer coefficients for the extraction and stripping processes in 
the development of the linear driving force mass transfer model. 
 
5.1.1 Linear Isotherm and Linear Driving Force Model 
At low amino acid concentrations, the solubilization of amino acid in the reversed 
micelles can be assumed to follow a linear isotherm. The relationship between the 
concentration of the amino acid in the bulk organic phase and the equilibrium interfacial 
concentration of amino acid in the aqueous phase can be expressed as: 
 
eqm
faqifforg CmC ,, =      (5.3)  
 




























, 1    (5.4) 
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,    (5.5) 
 
This mathematical model has also been used by Nishiki et al. (2000) in the mass transfer 
characterization in reversed micellar extraction of an amino acid. They have proposed that 
the transfer of amino acid via the reversed micelles for both the extraction and stripping 
processes involves three steps and hence, the overall mass transfer coefficient can be 
defined in terms of the individual mass transfer coefficients. For extraction, these three 
steps are: 
 
1. Diffusion in the aqueous film; 
2. Solubilization at the interface; and 
3. Diffusion in the film of the reversed micellar phase. 
 
The mass transfer rates through the aqueous and organic boundary films, as well as the 
solubilization rate at the interface, are respectively expressed as: 
 
 ( )faqifaqfaqfaq CCkJ ,,,, −=       (5.6) 
 
















1    (5.8) 
 
At steady state, the above three rates are equal, so the following equation is obtained: 
 
forgffaq JrJ ,, ==      (5.9) 
 
Substituting Equations (5.6), (5.7), (5.8) into (5.9) and simplifying gives an expression for 
the overall mass transfer coefficient for extraction in terms of the individual mass transfer 













1111     (5.10) 
 
For stripping, expressions for the transfer rate in terms of the overall mass transfer 
coefficient as well as the time-course of amino acid concentration in the strip solution are 
obtained using similar methods as those for extraction. They are expressed by Equations 















⎛=−    (5.11) 
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,    (5.12) 
 
An expression for the overall mass transfer coefficient for stripping can also be 
determined in terms of the individual mass transfer coefficients. In developing the 
expression, it is assumed that the stripping process involves the diffusion of the amino 
acid-containing reversed micelles through the organic film to the interface where the 
amino acids are released from the micelles, followed by the diffusion of the released 
amino acids through the aqueous film to the bulk aqueous strip solution (Nishiki et al, 

















111      (5.13) 
 
5.1.2 Langmuir Isotherm and Linear Driving Force Model 
The interface of the reversed micelles can be viewed as a solid surface on which the amino 
acid molecules are adsorbed on or desorbed from. Hence, the solubilization and the 
release of the amino acids at the aqueous-organic interface can be described by an 
adsorption process and a desorption process respectively. Consequently, the adsorption 
process and the desorption process are assumed to follow the Langmuir isotherm in the 
determination of the overall mass transfer coefficients for the extraction and stripping 
processes under various conditions. 
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For extraction, the concentration of the amino acid in the aqueous feed solution is related 
to the adsorbed concentration of the amino acid on the interface of the reversed micelles 











, 1+=      (5.14) 
 
Performing a material balance on the amino acids and assuming that the volumes of the 




faqforg CCC ,,, −=      (5.15) 
 
Substituting Equations (5.14) and (5.15) into (5.1), the following differential equation to 






























,    (5.16) 
 
For stripping, the desorption of phenylalanine from the interface of the reversed micelles 
is similarly described by the Langmuir isotherm in Equation (5.17) and the rate of 












, 1+=      (5.17) 
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,    (5.18) 
 
5.2 Computational Method 
In the determination of the overall mass transfer coefficients, Genetic Algorithms (GAs), 
which are search methods inspired by Charles Darwin’s theory of evolution, were utilized. 
GA begins with a set of solutions called population, which is selected randomly from a 
search space. Solutions from one population are used to form a new population. The new 
population is selected based on the fitness of the solutions so that the new population is 
better than the old ones. The better is the fit of the solutions, the higher the chances that 
they will be selected. The selection process is repeated and more new populations are 
generated until certain conditions are satisfied.  
 
One of the advantages that GAs have over traditional search methods is that GAs select 
possible solutions in a search space randomly at the same time (and evolving better 
solutions) such that they are less likely to get stuck in a local extreme, unlike the other 
methods which generate solutions based on the concept of gradient. Moreover, GAs can 
be used when the search space is large, when domain knowledge to narrow the search 
space is scarce or when no mathematical analysis is available. 
 
The only disadvantage of GAs is that they tend to require longer computational time than 
other methods. However, with the improvement in technology, the speed of computation 
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is becoming faster and together with the fact that the computation can be terminated at any 
time, longer run are more acceptable. 
 
5.2.1 Linear Isotherm and Linear Driving Force Model 
In this model, the partitioning equilibrium constants of phenylalanine were first 
determined from the slopes of the distribution of the amino acid in the aqueous phase and 
the organic phase at equilibrium for extraction and stripping under various conditions by 
performing linear regression. The partitioning equilibrium constants were then substituted 
into Equations (5.4) and (5.11) for extraction and stripping respectively. These differential 
equations were next integrated numerically to obtain the simulated profiles. The overall 
mass transfer coefficients were then evaluated using GA by minimizing the objective 
function, SSE, which is defined as the sums of the square deviations between the 
experimental and simulated concentration profiles. Mathematically, it is expressed as: 
 
( )2,exp,∑ −= predPhePhe CCSSE      (5.19) 
 
The main part of the FORTRAN program for extraction using the linear isotherm and 
linear driving force mass transfer model is attached in Appendix A. 
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5.2.2 Langmuir Isotherm and Linear Driving Force Model 
The constants of the Langmuir isotherms for extraction and stripping were evaluated using 
GA by minimizing the objective function, SSE, which is defined as the sums of the square 
deviations between the experimental and simulated concentration profiles. 
Mathematically, it is expressed as: 
 
( )2,exp,∑ −= predPhePhe CCSSE      (5.20) 
 
For extraction, CPhe,exp is the experimentally obtained equilibrium concentration of 
phenylalanine in the organic phase at a particular temperature while CPhe,pred is the 
equilibrium concentration of phenylalanine in the organic phase at the same temperature, 
as predicted by the Langmuir isotherm. In the case of stripping, CPhe,exp is the equilibrium 
concentration of phenylalanine in the strip solution that is obtained experimentally for a 
particular temperature while CPhe,pred is predicted equilibrium concentration of 
phenylalanine in the strip solution at the same temperature. The main part of the 
FORTRAN program for the determination of the constants for the Langmuir isotherm for 
extraction is attached in Appendix A. 
 
In the determination of the overall mass transfer coefficients using the Langmuir isotherm 
and linear driving force mass transfer model, GA was also employed. Similar to the 
determination of the overall mass transfer coefficient using the linear isotherm and linear 
driving force mass transfer model, the simulated profiles for extraction and stripping were 
first obtained by numerically integrating Equations (5.16) and (5.18) respectively. The 
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overall mass transfer coefficients were then evaluated by minimizing the sums of the 
square deviations between the experimental and simulated concentration profiles. The 
main part of the FORTRAN programs for extraction using the Langmuir isotherm and 
linear driving force mass transfer model is attached in Appendix A. 
 
5.3 Results and Discussion 
5.3.1 Linear Isotherm and Linear Driving Force Model 
5.3.1.1 Linear Isotherm 
Figure 5.1 shows the equilibrium distribution of L-phenylalanine in the aqueous phase and 
the organic phase for extraction at 23oC using various surfactant concentrations while 
Figure 5.2 illustrates the equilibrium distribution of L-phenylalanine in the aqueous phase 
and the organic phase at 23oC using various NaCl concentrations in the strip solution. 
Similar equilibrium distributions of L-phenylalanine are obtained for extraction and 
stripping at 30oC and 37oC and they are presented in Appendix B (Figures B.1 and B.2 for 
extraction at 30oC and 37oC respectively and Figures B.3 and B.4 for stripping at 30oC 
and 37oC respectively). It is observed that for both the extraction and stripping processes, 
the equilibrium concentration of the amino acid in the organic phase increases 
approximately linearly with the the amino acid concentration in aqueous phase when the 
initial amino acid concentration is equal to or less than 10mM. Hence, it is justified to 
assume that the extraction and stripping of amino acid follow a linear isotherm since the 
initial concentration of phenylalanine that is used in the kinetic studies is 10mM. 
Consequently, the values of the partitioning equilibrium constant for phenylalanine are 
obtained from the slopes of the distribution plots when the initial amino acid concentration 
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is less than 10mM. Table 5.1 presents the values for mf, for extraction using various AOT 
concentrations at different temperatures while Table 5.2 gives the values for mb for 
stripping using different NaCl concentrations at different temperatures.  
 




mf for  
extraction at 23oC 
(-) 
mf for  
extraction at 30oC 
(-) 
mf for  
extraction at 37oC 
(-) 
0.05 7.85 6.87 6.87 
0.1 16.27 15.12 15.12 
0.2 27.69 24.66 24.66 
 
 




mb for  
stripping at 23oC 
(-) 
mb for  
stripping at 30oC 
(-) 
mb for  
stripping at 37oC 
(-) 
0.2 0.04856 0.02556 0.02650 
0.5 0.04206 0.02232 0.01932 
1.0 0.04732 0.02761 0.02485 
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Figure 5.1 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 
for extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure 5.2 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 
for stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1.0M. 
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5.3.1.2 Overall Mass Transfer Coefficients 
The theoretical and experimental concentration-time profiles of phenylalanine during 
extraction at 23oC using various AOT concentrations are shown in Figure 5.3 while 
similar profiles for extraction at 30oC and 37oC are presented as Figures B.5 and B.6 
respectively in Appendix B. The overall mass transfer coefficients obtained by fitting the 
theoretical curves to the measured ones are summarized in Table 5.3. 
 
Table 5.3 Overall mass transfer coefficients for extraction at different AOT concentrations 
and temperatures obtained based on the linear isotherm and linear driving force mass 




Kf at 23oC  
(cm/min) 
Kf at 30oC  
(cm/min) 
Kf at 37oC  
(cm/min) 
0.05 1.69x10-2 2.69x10-2 3.82x10-2 
0.1 2.50x10-2 3.37x10-2 4.88x10-2 
0.2 3.31x10-2 4.96x10-2 7.47x10-2 
 
 
From the theoretical and experimental concentration-time profiles of phenylalanine 
obtained for the extraction processes performed at different temperatures, it can be 
observed that the experimental data fits the linear isotherm and linear driving force mass 
transfer model fairly well. The deviations between the experimental and theoretical data 
are only evident when the extraction process approaches the end of the extraction at a 
higher extraction temperature and surfactant concentration. It can therefore be concluded 
that the linear isotherm and linear driving force mass transfer model is generally able to 







































































































Figure 5.3 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the linear isotherm and overall mass transfer coefficient model (in accordance with 
Equation (5.4) using GA). 
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⎛− 11 , as proposed by Nishiki et al. (2000) 
and in accordance with Equation (5.5), are presented in Table 5.4. These values are fairly 
close to those values obtained using GA based on Equation (5.4). However, when the 
values in Table 5.4 are used to simulate the concentration-time profiles of phenylalanine 
during extraction, it is found that the simulated profiles do not match the experimental 
profiles as well as the profiles simulated using Kf that are obtained by GA. This is due to 
the fact that GA performs optimization based on the experimental data while the method 
that is used by Nishiki et al. (2000) involves the use of linear regression where the values 
of the experimental data are averaged and can be biased. The simulated profiles for 
extraction at 23oC using the Kf values in Table 5.4 are shown in Figure 5.4. Similar 
simulated profiles for extraction at 30oC and 37oC are represented by Figures B.7 and B.8 
respectively in Appendix B. 
 
Table 5.4 Overall mass transfer coefficients for extraction at different AOT concentrations 
and temperatures obtained based on the linear isotherm and linear driving force mass 




Kf at 23oC  
(cm/min) 
Kf at 30oC 
(cm/min) 
Kf at 37oC  
(cm/min) 
0.05 1.52x10-2 2.52x10-2 3.50x10-2 
0.1 2.19x10-2 3.21x10-2 4.69x10-2 








































































































Figure 5.4 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the linear isotherm and overall mass transfer coefficient model (in accordance with 
Equation (5.5)). 
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The effect of AOT concentration on the rate of extraction can be observed from Table 5.3. 
As the surfactant concentration increases, Kf increases. To elucidate this phenomenon, it is  
necessary to examine Equation (5.10), which gives the overall resistance for extraction as 













1111     (5.10) 
 
The first term on the right-hand side of Equation (5.10) is due to the resistance arising 
from the solubilization of the amino acid in the reversed micelles while the second and 
third terms are resistances contributed by the diffusion of phenylalanine in the aqueous 
phase and the organic phase respectively. 
 
According to Nishiki et al. (2000), who have investigated the mass transfer rates in the 
forward extraction of phenylalanine from the aqueous KCl solutions (pH 1.40-2.30) to 
AOT/isooctane reversed micellar solutions using a stirred cell with a flat liquid-liquid 
interface, the rate of solubilization of phenylalanine is found to increase with the AOT 
concentration. They have attributed this to an increase in the number of reversed micelles 
free from phenylalanine near the interface as the AOT concentration increases, resulting in 
an enhancement in the interaction between AOT and phenylalanine at the interface. This 
in turn accelerates the solubilization process. Plucinski and Nitsch (1993) have also 
observed the same phenomenon in their study on the kinetics of amino acid solubilization 
in the isooctane/AOT/water system using a stirred cell. Based on similar arguments, the 
mass transfer coefficient for the solubilization of phenylalanine may have also increased 
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with increasing AOT concentration in this study. This decreases the resistance contributed 
by the solubilizing process. 
 
Due to the fact that the feed solutions are the same for each AOT concentration studied, 
the diffusional resistance of phenylalanine in the aqueous phase is the same and does not 
contribute to the difference in the overall mass transfer coefficients observed. This 
analysis is based on the assumption that the concentration gradient of phenylalanine across 
the aqueous phase does not increase the diffusivity of phenylalanine in the aqueous phase. 
On the other hand, the diffusional resistance of phenylalanine in the organic phase is 
dependent on its mass transfer rate, which is in turn dependent on the viscosity and the 
temperature, according to Wilke and Chang correlation (Reid et al., 1977). The Wilke and 
Chang correlation predicts the diffusivity of a nonelectrolyte in an infinitely dilute 












8104.7 −×=      (5.21) 
 
Table 5.5 presents the viscosity of the organic solutions containing different AOT 
concentrations in xylene and measured at 23oC, 30oC and 37oC. The measurements were 
performed using a rheometer from Haake (RS 75 RheoStress). As seen, the viscosity of 
the organic phase increases with increasing AOT concentration at a particular temperature. 
This implies that the diffusivity of phenylalanine decreases with increasing AOT 
concentration, based on Wilke and Chang correlation. Since the values of mf increase with 
AOT concentration, it is unclear how the diffusional resistance contributed by 
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phenylalanine in the organic phase is affected by the AOT concentration. However, the 
overall effect is an increase in the overall mass transfer coefficient with increasing AOT 
concentration, as shown in Table 5.3. 
 






measured at 23oC 
(cP) 
µorg,f  
measured at 30oC 
(cP) 
µorg,f  
measured at 37oC 
(cP) 
0.05 0.682 0.636 0.591 
0.1 0.712 0.667 0.622 
0.2 0.812 0.759 0.705 
 
 
The influence of temperature on the kinetics of extraction can also be observed from Table 
5.3. It is found that the overall mass transfer coefficient increases with increasing 
temperature. This trend may be explained by examining Equation (5.10) again. 
 
It is difficult to elucidate the dependency of the solubilization rate of amino acid in 
reversed micelles on temperature as there have not been any studies performed to date on 
this topic. However, a research has been carried out by Carroll (1981) on the influence of 
temperature on the solubilizing rate of alkanes in micelles. It has been found that the rates 
of hexadecane and squalane solubilizing into micellar solutions of nonionc surfactants 
(C12EO6) in the aqueous medium increase as the temperature increases into the region of 
the cloud temperature. Similarly, in this case, increasing the temperature may also 
increase the rate of solubilization of phenylalanine by the AOT reversed micelles and 
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hence decrease the resistance contributed by the solubilizing process. However, this 
prediction is inconclusive and further investigations are required.  
 
The diffusivity of solutes in aqueous solutions, on the other hand, can be described by 
Hayduk and Minhas correlation (Reid et al., 1977), which is expressed as: 
 
( ) *52.119.0,8 292.01025.1 εµwmAAw TVD −×= −−     (5.22) 
 
According to Hayduk and Minhas correlation, the diffusivity of phenylalanine is 
proportional to the extraction temperature. Since the molar volume of phenylalanine is 
larger than 9.58, ε* is negative in value and hence, the diffusivity of phenylalanine in the 
aqueous strip solution is inversely proportional to viscosity.  
 
Table 5.6 Viscosity of the feed solution (µaq,f) at different temperatures. 





Table 5.6 shows the viscosity of the feed solution at different temperatures. From Tables 
5.5 and 5.6, it can be observed that the viscosities of the organic phase and the aqueous 
feed solution decrease with increasing temperature. Based on Wilke and Chang correlation 
and Hayduk and Minhas correlation, it can be concluded that the mass transfer coefficients 
of phenylalanine in the organic phase and the aqueous phase increase with temperature 
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respectively. Since the values of mf are approximately the same using the same AOT 
concentration for different temperatures, the diffusional resistances in both the phases 
decrease with temperature in accordance with Equation (5.10). The combined effect of 
temperature on the rates of solubilization and diffusion of phenylalanine leads to an 
increase in the overall mass transfer coefficient as temperature increases. 
 
Figure 5.5 shows the typical simulated and experimental concentration-time profiles of 
phenylalanine during stripping using various NaCl concentrations in the strip solution at 
23oC while the profiles of phenylalanine during stripping at 30oC and 37oC are illustrated 
in Figures B.9 and B.10 respectively in Appendix B. Table 5.7 gives a summary of the 
overall mass transfer coefficients obtained by fitting the simulated curves to the 
experimental ones. 
 
Table 5.7 Overall mass transfer coefficients for stripping at different NaCl concentrations 
and temperatures obtained based on the linear isotherm and linear driving force mass 




Kb at 23oC  
(cm/min) 
Kb at 30oC  
(cm/min) 
Kb at 37oC  
(cm/min) 
0.2 5.32x10-3 8.24x10-3 1.270x10-2 
0.5 5.50x10-3 8.40x10-3 1.279x10-2 
1.0 4.96x10-3 7.68x10-3 1.225x10-2 
 
The experimental and simulated concentration-time profiles for stripping at the three 
different temperatures show that the experimental data fits the linear isotherm and linear 





























































































Figure 5.5 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M using the 
linear isotherm and overall mass transfer coefficient model (in accordance with Equation 
(5.11) using GA). 
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predicting the concentration-time profile of phenylalanine under the various parameters 
studied. Similar to the extraction processes, the overall mass transfer coefficients obtained 
in accordance with Equation (5.12), as proposed by Nishiki et al. (2000) and presented in 
Table 5.8, are fairly close to the values obtained using GA based on Equation (5.11) but 
do not give a simulated concentration-time profiles of phenylalanine that match the 
experimental profiles well. The reasons are the same as suggested previously for the 
extraction processes. The simulated profiles for stripping at 23oC using the Kb values in 
Table 5.8 are shown in Figure 5.6. Similar simulated profiles for stripping at 30oC and 
37oC are represented by Figures B.11 and B.12 respectively in Appendix B. 
 
Table 5.8 Overall mass transfer coefficients for stripping at different NaCl concentrations 
and temperatures obtained based on the linear isotherm and linear driving force mass 




Kb at 23oC  
(cm/min) 
Kb at 30oC  
(cm/min) 
Kb at 37oC  
(cm/min) 
0.2 4.6x10-3 7.1x10-3 1.11x10-2 
0.5 4.7x10-3 7.3x10-3 1.12x10-2 




The effect of the ionic strength of the strip solution on the overall mass transfer 
coefficients can be seen from Table 5.7. As the NaCl concentration in the strip solution 
increases, the overall mass transfer coefficient remains approximately the same. To 
understand this, it is necessary to look at the overall resistance for stripping in terms of the 






























































































Figure 5.6 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M using the 


















111     (5.13) 
 
The first term on the right-hand side of Equation (5.13) is due to the resistance arising 
from the release of the amino acid by the reversed micelles while the second and third 
terms are the resistances contributed by the diffusion of phenylalanine in the organic phase 
and the aqueous phase respectively. 
 
In the investigation of the mass transfer rates in the backward extraction of phenylalanine 
from the AOT reversed micellar organic phase to KHCO3/KOH buffer solutions (pH 9.00-
11.00) using a stirred cell with a flat liquid-liquid interface, Nishiki et al. (2000) have 
found that the releasing rate constant of phenylalanine increases with increasing ionic 
strength. In another study performed on the kinetics of the re-extraction of hydrophilic 
solutes out of AOT-reversed micelles using a two-phase stirred cell, Bausch et al. (1992) 
have noted that increasing the ionic strength increases the dynamic stability of the 
reversed micelles. This is due to the induced high rigidity of the micellar interface. 
Consequently, the process of coalescence of the reversed micelles with the liquid-liquid 
interface is slower, hence retarding the re-extraction process. Similarly, in this case, 
increasing the NaCl concentration in the strip solution may therefore increase the rate at 
which phenylalanine is released from the reversed micelles, hence decreasing the 
resistance attributed by the releasing process. 
 
Since the phenylalanine-loaded micellar phase is the same for each NaCl concentration 
studied, the diffusional resistance of phenylalanine in the organic phase is the same and 
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does not contribute to the difference in the overall mass transfer coefficients observed, 
assuming that the concentration gradient of phenylalanine across the micellar phase does 
not increase the diffusivity of phenylalanine in the micellar phase. On the other hand, the 
viscosity of the strip solution may play a role in influencing the mass transfer rate of 
phenylalanine in the aqueous phase, which in turn affects the diffusion resistance in the 
aqueous phase. Table 5.9 gives the viscosity of the aqueous strip solutions containing 
different NaCl concentrations at 23oC, 30oC and 37oC.  
 






measured at 23oC 
(cP) 
µaq,b  
measured at 30oC 
(cP) 
µaq,b  
measured at 37oC 
(cP) 
0.2 1.030 0.893 0.781 
0.5 1.060 0.921 0.807 
1.0 1.107 0.967 0.850 
 
 
From Table 5.9, it can be observed that increasing the salt concentration in the aqueous 
strip solution at a particular temperature increases the viscosity of the solution. 
Consequently, the diffusivity of the released phenylalanine decreases with increasing 
NaCl concentration based on Hayduk and Minhas correlation. As the values of mb are 
approximately constant at the same temperature at different ionic strength, the diffusional 
resistance contributed by phenylalanine in the aqueous strip solution most probably 
increases with increasing NaCl concentration. Therefore, taking into consideration the 
contribution by the releasing rate and the diffusion rate of phenylalanine in the aqueous 
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phase, no significant difference in the overall mass transfer coefficient with increasing 
NaCl concentration is observed. 
 
Temperature also influences the kinetics of stripping by increasing the overall mass 
transfer coefficient when temperature increases, as observed from Table 5.10. To 
understand the reasons for this observation, it is necessary to examine Equation (5.13). 
 
The dependency of the releasing rate of phenylalanine by the reversed micelles on 
temperature is unknown at this point as no studies have been carried out in this area. 
Hence, further investigations are needed to find out if increasing the temperature will 
increase, decrease or have no effect on the releasing rate of phenylalanine by the reversed 
micelles.  
 
The influences of temperature on the diffusional resistances may be inferred from the 
viscosities of the organic phase and the aqueous phase. Table 5.10 shows the viscosity of 
the phenylalanine-loaded micellar phase used in the stripping processes at different 
temperatures. Together with Table 5.9, it can be observed that the viscosity of the 
solutions involved in the stripping processes decreases with temperature, resulting in an 
increase in the mass transfer coefficients of phenylalanine in both the aqueous phase and 
the organic phase in accordance with Wilke and Chang correlation, as well as Hayduk and 
Minhas correlation. Since the value of mb generally decreases with temperature for a 
particular NaCl concentration in the strip solution, the diffusional resistances in both the 
organic phase and the aqueous phase decrease with temperature in accordance with 
Equation (5.13). Although the effect of temperature on the releasing rate is unclear, it can, 
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nevertheless, be concluded that the combined effect of the different resistances leads to an 
increase in the overall resistance as temperature increases, which results in an increase in 
the overall mass transfer coefficient. 
 
Table 5.10 Viscosity of micellar phase (µorg,b) at different temperatures. 







5.3.2 Langmuir Isotherm and Linear Driving Force Model 
5.3.2.1 Langmuir Isotherm 
Figure 5.7 shows the simulated Langmuir isotherms for extraction at 23oC using various 
AOT concentrations while Figure 5.8 presents the theoretical Langmuir isotherms for 
stripping at 23oC using various NaCl concentrations in the strip solution. The simulated 
Langmuir isotherms for extraction and stripping at 30oC and 37oC are illustrated in 
Appendix B (Figures B.13, B.14, B.15 and B.16). It can be observed that the experimental 
data fits the Langmuir isotherms for extraction and stripping fairly well, indicating that the 
Langmuir isotherms are generally able to predict the equilibrium concentrations of 
phenylalanine in the aqueous phase and the organic phase for both the extraction and 
stripping processes. The constants of the Langmuir isotherms for extraction and stripping 
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Figure 5.7 Equilibrium isotherms of phenylalanine at 23oC for extraction when AOT 
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Figure 5.8 Equilibrium isotherms of phenylalanine at 23oC for stripping when NaCl 
concentration is (a) 0.2M, (b) 0.5M and (c) 1M. 
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Table 5.11 Values of constants of Langmuir isotherm for extraction at different AOT 
concentrations and temperatures. 
23oC 30oC 37oC AOT  
concentration  
(M) 
P Q P Q P Q 
0.05 10.11 287.73 9.25 273.49 7.78 185.04 
0.1 20.06 397.34 18.22 393.71 12.97 166.51 
0.2 32.25 454.37 29.12 508.65 21.65 236.02 
 
Table 5.12 Values of constants of Langmuir isotherm for stripping at different NaCl 
concentrations and temperatures. 
23oC 30oC 37oC NaCl  
concentration  
(M) 
G H G H G H 
0.2 25.27 692.73 48.98 1242.19 47.19 1496.64 
0.5 27.22 759.91 52.87 1442.16 58.38 1871.07 
1.0 27.19 806.64 46.29 1201.08 59.06 1894.53 
 
 
5.3.2.2 Overall Mass Transfer Coefficients 
For extraction at 23oC, the simulated and experimental concentration-time profiles of 
phenylalanine using various AOT concentrations are shown in Figure 5.9. Similar profiles 
for extraction at 30oC and 37oC are also obtained and they are presented in Appendix B as 
Figures B.17 and B.18 respectively. The overall mass transfer coefficients obtained by 






































































































Figure 5.9 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the Langmuir isotherm and overall mass transfer coefficient model. 
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Table 5.13 Overall mass transfer coefficients for extraction at different AOT 





Kf at 23oC  
(cm/min) 
Kf at 30oC  
(cm/min) 
Kf at 37oC  
(cm/min) 
0.05 1.72x10-2 2.63x10-2 3.69x10-2 
0.1 2.49x10-2 3.36x10-2 4.84x10-2 
0.2 3.31x10-2 4.88x10-2 7.36x10-2 
 
 
The simulated and experimental concentration-time profiles of phenylalanine for 
extraction at the different temperatures show that the experimental data fit the Langmuir 
isotherm and linear driving force mass transfer model fairly well. This model can 
generally predict the concentration-time profiles of phenylalanine at different AOT 
concentrations and temperatures. The deviations between the experimental and theoretical 
data are similar to those for the linear isotherm and linear driving force mass transfer 
model and they are significant only when the extraction processes are approaching the end 
of the extraction at a higher extraction temperature as well as when the surfactant 
concentration is high. In the case of stripping, the fit of the simulated concentration-time 
profiles to that of the experimental ones is generally better than that for extraction. Typical 
experimental and simulated concentration-time profiles for stripping at 23oC are shown in 
Figure 5.10. The stripping profiles obtained at 30oC and 37oC are presented in Figures 
B.19 and B.20 respectively in Appendix B. Table 5.14 presents the determined overall 
mass transfer coefficients from the Langmuir isotherm and linear driving force mass 
































































































Figure 5.10 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 
using the Langmuir isotherm and overall mass transfer coefficient model. 
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Table 5.14 Overall mass transfer coefficients for stripping at different NaCl concentrations 




Kb at 23oC  
(cm/min) 
Kb at 30oC  
(cm/min) 
Kb at 37oC  
(cm/min) 
0.2 5.32x10-3 8.28x10-3 1.27x10-2 
0.5 5.50x10-3 8.40x10-3 1.28x10-2 
1.0 4.96x10-3 7.68x10-3 1.22x10-2 
 
 
5.3.3 Comparison of Linear Driving Force Model using Linear Isotherm  
and Langmuir Isotherm 
Comparing the overall mass transfer coefficients determined from the linear isotherm and 
linear driving force mass transfer model, and the Langmuir isotherm and linear driving 
force mass transfer model for extraction and stripping, it can be observed that the values 
are in agreement with one another. It may appear that both the linear isotherm and the 
Langmuir isotherm are able to predict the concentration-time profiles of phenylalanine in 
the aqueous phase equally well for the entire extraction and stripping process. This is 
found to be true only when a certain initial concentration of phenylalanine in the feed 
solution is used. 
 
For extractions carried out at 23oC using 0.1M AOT, it has been found that when the 
initial phenylalanine concentration in the feed solution is 10mM (Figures 5.3 (b) and 5.9 
(b)) or 30mM (Figures 5.11 (a) and (b)), approximately the same overall mass transfer 
coefficients and the same simulated profiles of phenylalanine in the aqueous phase are 
obtained for extraction up to 80 min using the linear isotherm and the Langmuir isotherm. 
However, simulations of the profiles using the two isotherms with the overall mass  
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Figure 5.11 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for extraction at 23oC when initial Phe concentration is 30mM and AOT 
concentration is 0.1M using the (a) linear isotherm and (b) Langmuir isotherm. Overall 
mass transfer coefficient is 0.01809 cm/min and 0.01805 cm/min respectively. 
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transfer coefficients up to 1200 min show that approximately the same profiles are 
obtained only when the initial phenylalanine concentration is 10mM [Figure 5.12 (a)]. 
Pronounced deviations between the simulated profiles are observed as the extraction 
approaches equilibrium when the initial amino acid concentration is 30mM [Figure 5.12 
(b)]. To determine the reason behind these observations, the linear isotherm and the 
Langmuir isotherm are examined. 
 
 
Figure 5.13 compares the linear isotherm and the Langmuir isotherm for extraction at 
23oC using 0.1M AOT. It can be seen that when the phenylalanine concentration in the 
organic phase is very low, in this case when it is approximately less than or equal to 
0.01M (Region I), the Langmuir isotherm is equivalent to the linear isotherm. However, at 
higher phenylalanine concentration in the organic phase (Region II), the Langmuir 
isotherm differs from the linear isotherm.  
 
Due to the fact that the extraction processes have been carried out for only 80 min where 
the phenylalanine concentration in the organic phase is still low (Region I), both isotherms 
are able to predict the concentration-time profile of phenylalanine equally well as the 
‘driving force’ for extraction, eqmaqiaq CC − , is the same regardless of the type of isotherms 
used. On the other hand, when the phenylalanine concentration in the organic phase is 
much higher (Region II), for example, when the extraction process approaches 
equilibrium, the predicted value of the interfacial concentration of phenylalanine in the 
aqueous phase using the linear isotherm is different from that obtained using the Langmuir  
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Figure 5.12 Simulated concentration-time profiles for extraction at 23oC when the AOT 
concentration is 0.1M using the linear isotherm (solid line) and the Langmuir isotherm 







































Figure 5.13 Linear isotherm (solid line) and Langmuir isotherm (dash line) for extraction 
at 23oC using 0.1M AOT. 
 
isotherm (Figure 5.13). Consequently, there is a difference in the concentration-time 
profiles of phenylalanine as the extraction process approaches equilibrium. This explains 
why the linear isotherm and the Langmuir isotherm give the same profiles during the first 
80 min of extraction whereas the profiles deviate from each other as the extraction is about 
to reach equilibrium. The same explanation applies for the stripping processes.  
 
In conclusion, both the linear isotherm and the Langmuir isotherm are able to predict the 
concentration-time profile of phenylalanine in the aqueous phase during the first 80 min of 
the extraction and stripping processes reasonably well. However, it is unclear at this point 
which isotherm is able to describe the entire profile of phenylalanine up to its equilibrium 




6 Ion-Exchange Model 
6.1 Formulation of Kinetic Model 
According to Cardoso et al. (2000), three steps are involved in the mass transfer of 
phenylalanine from an aqueous feed solution to a reversed micellar phase across an 
interface for the extraction processes. In the case where phenylalanine is present in the 
cationic form in the extraction processes, the three steps are: 
 
1. The diffusion of the unreacted species 
The cationic forms of phenylalanine diffuse from the bulk aqueous phase to the interface 
while the reversed micelles diffuse from the bulk organic phase to the interface. 
 
2. The transfer of phenylalanine across the interface 
An ion-exchange reaction takes place at the interface where the cationic phenylalanine, 
Phe+, is exchanged with the counterion of the surfactant, NaS, to form a phenylalanine-
surfactant complex, PheS and a sodium ion, Na+. The reaction is as follows: 
  
                     (6.1) 
 
3. The diffusion of the reacted species 
The sodium ions diffuse from the interface to the bulk aqueous phase and the reversed 
micelles containing phenylalanine diffuse from the interface to the bulk organic phase. 





⎯⎯→←⎯⎯NaS(org)+Phe+(aq)                          PheS(org)+Na+(aq)
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6.1.1 Extraction 
A kinetic model for the interfacial transport of the species during extraction can be 
formulated based on the ion-exchange model. A schematic of the concentration profiles 
for the various species around the interface is shown in Figure 6.1. 
 
The following assumptions are considered in the development of the kinetic model: 
1. Quasi-steady state is achieved at the interface; 
2. Changes in the physical properties are negligible throughout the experiment; 
3. Ion-exchange reactions take place at the interface where the order of the reaction 
with respect to the concentration of each species is 1; 
4. Co-extraction of the buffer ions is negligible; 
5. Co-extraction of H+ ion is negligible compared to amino acid exchange, in other 
words, the decrease of the aqueous pH can be neglected over the time period 
employed for extraction in the kinetic studies (based on results from the 
equilibrium studies); 
6. The concentrations of the species in the bulk aqueous and organic phases are 
uniform; 
7. The amount of water uptake by the reversed micelles in the organic phase from the 
aqueous phase is negligible (experimentally verified in the equilibrium studies); 
and 















Figure 6.1 Concentration profiles for various species around the interface. 
 








,,* =                         (6.2) 
 
Based on the assumptions stated, the mass fluxes of the various species during the 
extraction processes can be determined as follow: 
 
Aqueous phase Organic phase 
 
Interface 
aqPheC ,  
aqiPheC ,  
orgiNaSC ,  
orgNaSC ,  
orgiPheSC ,  
orgPheSC ,  aqNaC ,  
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Aqueous phase 









,, −=⇒                             (6.4) 
 
Sodium ion:    ( ), , , ,Na a Na a Na ai Na aJ k C C= −                                            (6.5) 
 
Since the size of a sodium ion is much smaller than that of the other species, it is assumed 
that its diffusivity is much higher and hence, the concentrations of the sodium ion at the 
interface and in the bulk aqueous solution are the same, in other words, 
 
aqiNaaqNa CC ,, ≈                                    (6.6) 
 
Organic phase 










,, −=⇒                      (6.8)     
 
Complex:    ( )orgPheSorgiPheSorgPheSorgPheS CCkJ ,,,, −=                            (6.9) 
 
 132








,, +=⇒                    (6.10) 
 
Under quasi-steady state, the stoichiometry of the reaction requires that  
 
forgPheSorgNaSaqPhe JJJJ === ,,,                      (6.11) 
 
For diffusion-controlled extraction processes, the diffusion processes are slow as 
compared to the interfacial reaction. Hence, the interfacial reaction is considered to be 
instantaneous such that the concentrations of the species at the interface have reached 
equilibrium. Substituting Equations (6.4), (6.6), (6.8) and (6.10) into (6.2) and assuming 
quasi-steady state gives the following quadratic equation for Jf in terms of the bulk 





















    (6.12) 
 
Solving Equation (6.12) gives an expression for the overall extraction flux of 
phenylalanine, which is expressed as: 
 



















CCkkF −=  
 
Due to the physical constraint that the root must correspond to positive interface and bulk 










f −−−=−= 2, 25.05.0                  (6.14) 
 
The concentration of the individual species can be obtained by material balances based on 
the ion-exchange transfer as presented below: 
 






aqPheorgorgPheS VCVCVC ×−×=× ,,,         (6.15) 
 






orgNaSorgorgPheS VCVCVC ×−×=× ,,,          (6.16) 
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aqNaorgorgNaS VCVCVCVC ×−×+×=× ,,,,    (6.17) 
 
6.1.2 Stripping  
From the equilibrium studies, it was found that the stripping process was most efficient 
when the initial pH of the aqueous strip solution was high. As such, this condition is 
employed in the kinetic studies on the stripping processes where phenylalanine exists in 
the anionic form. However, the ion-exchange reaction, as indicated by Equation (6.1), 
states that the released phenylalanine from the reversed micelles is cationic. Hence, in the 
formulation of the kinetic model, additional assumptions are made, which state that (i) 
there is a complete dissociation of phenylalanine from cations to anions and (ii) the rate at 
which phenylalanine is ionized from the cationic to the anionic form is very fast, such that 
the amount of cationic phenylalanine released is equal to the amount of anionic 
phenylalanine present in the aqueous strip solution. Consequently, the equilibrium 








,,* =      (6.18) 
 
where  
CPhe,aq is the concentration of phenylalanine in the anionic form in the strip side of the 
interface. 
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The formulation of the kinetic model for the stripping processes can be modified from that 
of the extraction processes by replacing Jf with –Jb and Kf with 1/Kb. When the stripping 






















,,,, −−−=  
*
,,,,,,,, borgPheSaqNaaqPheorgNaSorgNaSaqPheaqPheorgNaS KCCkkCCkkZ −=  
 
Performing material balances, the concentrations of the various species can be obtained as 
shown below: 
 






orgPheS VCVCVC ×+×=× ,,,    (6.20) 
 
 










orgNaS VCVCVCVC ×+×=×+× ,,,,  (6.21) 
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aqNa VCVCVCVC ×+×=×+× ,,,,   (6.22) 
 
6.2 Computational Method 
In the study of the ion-exchange model, the simulated profiles were first obtained by 
integrating numerically, Equations (6.14) for extraction and Equation (6.19) for stripping. 
The mass transfer coefficients kNaS,o, kPheS,o and kPhe,a were then evaluated by minimizing 
the objective function, SSE  using GA, which was written in Fortran language. SSE  is 
defined mathematically as: 
 
222 321 SSESSESSESSE ++=     (6.23) 
 
( )2,exp,∑ −= prediPheiPhe CCSSEi     (6.24) 
 
where CPhe,expi is the concentration of phenylalanine obtained experimentally at any 
particular time for run i at a particular temperature and CPhe,predi is the concentration of 
phenylalanine at the same time for run i at the same temperature, as predicted by the ion-
exchange model. The FORTRAN program for extraction using the ion-exchange model is 
attached in Appendix A. 
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6.3 Results and Discussion 
6.3.1 Determination of Equilibrium Constants  
6.3.1.1 Extraction 
The thermodynamic relationship relating the reacting species concentrations at 
equilibrium are derived from the rate laws for reversible reactions. In the derivation of the 
expression for the equilibrium constant, it is assumed that there is a direct correspondence 
between the reaction order and stoichiometry of the proposed ion-exchange reaction. As 
such, the order of the ion-exchange reaction with respect to each individual species is one 









,,* =      (6.25) 
 
Theoretically, equilibrium constant is a function of temperature only. Hence, by plotting a 
graph of CPheS,orgCNa,aq against CNaS,orgCPhe,aq for a particular AOT concentration and 
temperature at different phenylalanine concentrations using the equilibrium data obtained 
as described in Chapter 4, a linear relationship between CPheS,orgCNa,aq and CNaS,orgCPhe,aq is 
expected such that the equilibrium constant can be evaluated from the slope of the line. 
 
Figure 6.2 shows the plots of CPheS,orgCNa,aq against CNaS,orgCPhe,aq for different AOT 
concentrations (0.05M, 0.1M and 0.2M) at 23oC. Similar plots are obtained for extraction 
carried out at 30oC and 37oC and they are shown in Figures C.1 and C.2 respectively in  
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Figure 6.2 Graphs of experimental data for determination of equilibrium constants for 
extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Appendix C. For each surfactant concentration and temperature, the initial concentrations 
of phenylalanine used are 5mM, 10mM, 15mM and 30mM. An approximately linear 
relationship is observed when the initial concentration of phenylalanine is below 15mM 
for all the AOT concentrations studied at a particular temperature. This implies that the 
equilibrium constant remains approximately constant and that the order of reaction 
follows the proposed ion-exchange reaction when the initial amino acid concentration is 
less than 15mM.  
 
On the other hand, the order of reaction with respect to each species is not one at a higher 
initial phenylalanine concentration, as indicated by the deviation of the point for initial 
phenylalanine concentration of 30mM from linearity. There are several reasons for this 
observation. Firstly, this may be due to the fact that the proposed ion-exchange reaction is 
nonelementary, in other words, the reaction orders and the stoichiometric coefficients are 
not identical. This means that the transfer of the amino acids by the reversed micelles may 
involve several mechanisms which are difficult to establish. Secondly, the nonelementary 
reaction may have reaction orders that can be ascertained only under certain limiting 
conditions. In this case, the fact that an approximately linear relationship is obtained from 
the plots shows that the order of reaction may be simplified to a pseudo first order with 
respect to each of the species when the initial phenylalanine concentration is less than 
15mM, such that the equilibrium constant defined in Equation (6.25) is justified. 
 
Since the kinetic data is obtained by performing experiments using phenylalanine with an 
initial concentration of 10mM and that the reaction seems to follow a pseudo order of one 
with respect to the different species at a low initial amino acid concentration, the 
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equilibrium constants for extraction are obtained from the gradients of the straight lines 
when the initial phenylalanine concentration is 15mM and lower. Table 6.1 presents the 
equilibrium constants evaluated for the extraction processes under different conditions. 
 
Table 6.1 Evaluated equilibrium constants for extraction at various AOT concentrations 
and temperatures. 
Temperature = 23oC Temperature = 30oC Temperature = 37oC 
CAOT (M) *fK  CAOT (M) 
*
fK  CAOT (M) 
*
fK  
0.05 21.02 0.05 18.24 0.05 15.98 
0.1 20.78 0.1 18.20 0.1 14.62 




For stripping, the equilibrium constant is expressed by Equation (6.18). To determine the 
equilibrium constants for the stripping processes at different NaCl concentrations (0.2M, 
0.5M and 1.0M) at 23oC, 30oC and 37oC, plots of CNaS,orgCPhe,aq against CPheS,orgCNa,aq 
were obtained. The plots for stripping at 23oC are shown in Figure 6.3 and similar plots 
obtained for stripping at 30oC and 37oC are illustrated in Figures C.3 and C.4 respectively 
in Appendix C. Similar to the extraction processes, approximately linear relationships are 
only observed for the different NaCl concentrations and temperatures studied when the 
initial amino acid concentrations in the micellar phase are 10mM and less. This may again 
imply that the proposed stripping reaction is nonelementary and that the order of reaction 
is reduced to a pseudo first order with respect to each of the species at an initial 
phenylalanine concentration of 10mM and less in the micellar phase. 
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Figure 6.3 Graphs of experimental data for determination of equilibrium constants for 
stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1.0M. 
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Given allowances for experimental errors and the fact that the kinetic studies on the 
stripping processes involved an initial concentration of phenylalanine that falls within the 
range of 0 to 10mM, the slopes obtained when the initial phenylalanine concentration is 
10mM and less in the micellar phase can be viewed as the average value for the 
equilibrium constants of the stripping processes. The equilibrium constants for the 
stripping processes under different conditions are presented in Table 6.2.   
 
Table 6.2 Evaluated equilibrium constants for stripping at various NaCl concentrations 
and temperatures. 
Temperature = 23oC Temperature = 30oC Temperature = 37oC 
CNaCl (M) *bK  CNaCl (M) 
*
bK  CNaCl (M) 
*
bK  
0.2 10.20 0.2 21.00 0.2 18.30 
0.5 4.74 0.5 8.73 0.5 10.34 
1.0 2.06 1.0 3.31 1.0 3.91 
 
6.3.2 Determination of the Change in Heat of Reaction 
6.3.2.1 Extraction 
Assuming that the heat of reaction is constant for the temperature interval studied, the 
van’t Hoff equation, which gives the relationship between the change in enthalpy for a 
reaction and its equilibrium constant at two different temperatures, can be obtained by 
integrating the Gibbs-Helmholtz equation. The van’t Hoff equation suggests that a plot of 
ln *K  against 1/T gives a slope of -∆Hr/R and is expressed as: 













KIn r      (6.26) 
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Figure 6.4 Van't Hoff plots for extraction using AOT concentration of (a) 0.05M, (b) 0.1M 
and (c) 0.2M. 
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Figures 6.4 (a), (b) and (c) present the plots of ln *fK  against 1/T for the extraction 
processes carried out at different temperatures when the AOT concentration is 0.05M, 
0.1M and 0.2M respectively. The values of ∆Hr for extractions under different conditions 
are obtained from the slopes of the plots and are tabulated in Table 6.3. The negative 
values obtained imply that the extraction reaction is exothermic. 
 
Table 6.3 Evaluated ∆Hr for extraction using various AOT concentrations in the organic 
phase. 






In the case of the stripping processes which are performed at various temperatures for 
different concentrations of NaCl in the aqueous strip solution, the values of ∆Hr are 
similarly obtained from slopes of the plots of ln *bK  against 1/T. Figures 6.5 (a), (b) and (c) 
show the plots when the NaCl concentration is 0.2M, 0.5M and 1M respectively at 
different temperatures. The positive values of ∆Hr for stripping under different conditions 
indicate that the stripping reaction is endothermic and they are presented in Table 6.4.  
 
Table 6.4 Evaluated ∆Hr for stripping using various NaCl concentrations in the aqueous 
strip solution. 
























































Figure 6.5 Van't Hoff plots for stripping using NaCl concentration of (a) 0.2M, (b) 0.5M 
and (c) 1.0M. 
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6.3.3 Individual Mass Transfer Coefficients 
6.3.3.1 Extraction 
In determining the individual mass transfer coefficients for an extraction process carried 
out at a particular temperature using GA, three different ranges of values for the individual 
mass transfer coefficients must be given. The optimum values of the individual mass 
transfer coefficients for a given search space are indicated by the lowest value of SSE. 
Since these coefficients may indicate a local optimum, it is essential to try different ranges 
of values for each of the individual mass transfer coefficients. The resultant SSE values 
are then compared and the lowest one is the global optimum. 
 
On the other hand, within a given search space where the global optimum is found, it is 
also possible for GA to indicate different combinations of the values for the three mass 
transfer coefficients that give the same minimum value of SSE. This phenomenon is 
observed in the determination of the mass transfer coefficients for extraction. One 
example is when the extraction is carried out at 23oC. The different combinations of the 
coefficients, which satisfy the criteria that the magnitude of the individual mass transfer 
coefficients is inversely proportional to the size of the species in accordance with the 
Wilke and Chang correlation for nonelectrolyte solutions, as well as Hayduk and Minhas 
correlation for aqueous solutions, are tabulated in Table 6.5. 
 
To explain this observation, a sensitivity study is conducted on each of the individual 
mass transfer coefficients. Each of the individual mass transfer coefficients from set 1 of 
Table 6.5 is increased and decreased by 10 folds while keeping the other two individual 
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mass transfer coefficients constant. The effects of kNaS,org, kPheS,org and kPhe,aq on the 
concentration-time profiles of phenylalanine during extraction at 23oC using 0.05M AOT 
are shown in Figures 6.6 (a), (b) and (c) respectively. 
 
Table 6.5 Different sets of individual mass transfer coefficients obtained using GA that 
best satisfy the ion-exchange model for extraction at 23oC using various AOT 
concentrations. 
 Set 1 Set 2 Set 3 Set 4 
kNaS,org 
(cm/min) 
0.0412 0.0498 0.0428 0.0396 
kPheS,org 
(cm/min) 
0.0022 0.0023 0.0023 0.0023 
kPhe,aq 
(cm/min) 
0.0572 0.0576 0.0572 0.0572 
 
 
From the figures, it can be seen that kPheS,org is controlling because with the same folds of 
increase or decrease in the value of each individual mass transfer coefficient, the change in 
the concentration-time profile of phenylalanine by varying kPheS,org is the most significant. 
Between kNaS,org and kPhe,aq, kPhe,aq is the next most controlling. Consequently, for the same 
optimum value of SSE, the values of kPheS,org and kPhe,aq remain approximately the same 
while the value of kNaS,org may vary to a larger extent. This is in good agreement with the 
values in Table 6.5. Similarly, this argument applies to the extractions performed at 30oC 
and 37oC. 
 
In order to select the correct individual mass transfer coefficients for the extractions 
performed at a particular temperature, it is necessary to compare the different sets of the 
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Figure 6.6 Sensitivity of dimensionless amino acid concentration with respect to (a) 
kNaS,org, (b) kPheS,org and (c) kPhe,aq for extraction at 23oC. System: The feed solution consists 
of 10mM phenylalanine and 0.1M NaCl in phosphoric acid buffer (pH 1.35) while the 
organic phase contains 0.05M AOT in xylene. 
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the mass transfer coefficient for phenylalanine must be larger than that of the surfactant, 
which should in turn be larger than that of the complex, each individual mass transfer 
coefficient must also increase with temperature. This is again in accordance to the Wilke 
and Chang correlation for nonelectrolyte solutions, as well as the Hayduk and Minhas 
correlation for aqueous solutions. 
 
Table 6.6 gives two sets of individual mass transfer coefficients for extraction at 23oC, 
30oC and 37oC, which are in agreement with the criteria. Simulating the concentration-
time profiles of phenylalanine for extraction at the three temperatures using the mass 
transfer coefficients from Set 1 and Set 2 in Table 6.6 (not shown) shows that the profiles 
are comparable and they differ by less than 0.5%.  
 
Table 6.6 Different sets of individual mass transfer coefficients for extraction at different 
temperatures that best satisfy the ion-exchange model using GA. 
Set 1 Set 2  
23oC 30oC 37oC 23oC 30oC 37oC 
kNaS,org 
(cm/min) 
0.0412 0.0422 0.0438 0.0396 0.0406 0.0438 
kPheS,org 
(cm/min) 
0.0022 0.0042 0.0077 0.0023 0.0042 0.0077 
kPhe,aq 
(cm/min) 
0.0572 0.0781 0.1164 0.0572 0.0781 0.1164 
 
 
Using the mass transfer coefficients of Set 1 from Table 6.6, the concentration-time 
profiles of phenylalanine for extraction at 23oC, 30oC and 37oC are simulated for different 
surfactant concentrations. Figure 6.7 shows the typical simulated profiles, together with 




























































































Figure 6.7 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 23oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the ion-exchange model. 
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extraction at 30oC and 37oC are presented in Figures C.5 and C.6 in Appendix C 
respectively. 
 
It can be observed that the simulated profiles do not exactly reflect the experimental ones. 
One possible reason is that at each extraction temperature, the viscosity of the organic 
phase increases with the AOT concentrations (see Table 5.5). This contradicts the 
assumption that there is no change in the physical property when varying the 
concentrations of different species at the same temperature. Similar observations have 
been made by Cardoso et al. (2000), who have employed a similar ion-exchange model in 
their evaluation of the mass transfer coefficients. However, the validity of their 
assumption that the mass transfer coefficient of the amino acid-free reversed micelles is 
the same as that of the amino acid-containing reversed micelles is doubtful because the 
diffusivities of the two species are different.  
 
It can therefore be concluded that the ion-exchange model may not be able to predict the 
actual values of the individual mass transfer coefficients when there is a significant 
change in the viscosity of the solutions with AOT concentrations. Consequently, the 
concentration-time profiles of phenylalanine obtained during extractions using different 
surfactant concentrations at the same temperature may not be predicted accurately. 
However, in this study, a reasonable close fit of the simulated concentration-time profiles 
to the experimental ones validates the kinetic model.  
 
Figure 6.8 shows the dependency of the individual mass transfer coefficients on 
temperature for extraction. The graph is plotted using the individual mass transfer 
 152
coefficients of Set 1 from Table 6.6. It is found that effect of temperature on the mass 
transfer coefficient of phenylalanine in the aqueous phase is more significant than that of 
the surfactants and the complexes in the organic phase. This is probably due to the fact 
that phenylalanine is smaller in size than the other species such that with the same increase 
in temperature, phenylalanine is able to move much faster. 
 
































Figure 6.8 Variation of temperature with individual mass transfer coefficients for 
extraction at 23oC. System: Feed solution consists of 10mM phenylalanine and 0.1M NaCl 




Similar to the extraction processes, GA also indicates different sets of values for the 
individual mass transfer coefficients for stripping at a particular temperature that can 
predict the experimental concentration-time profiles of phenylalanine in the strip solution 
equally well (Table 6.7). A sensitivity study was conducted on each of the individual mass 
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transfer coefficient by increasing and decreasing by 10 folds, each of the mass transfer 
coefficients for stripping at 23oC using a strip solution containing 0.2M NaCl, while 
keeping the other two individual mass transfer coefficients constant. The results of 
varying kNaS,org, kPheS,org and kPhe,aq on the concentration-time profile are shown in Figures 
6.9 (a), (b) and (c) respectively.  
 
It can be observed that the changes in the profiles by changing kPheS,org is the most 
significant, followed by kPhe,aq. A variation in the value of kNaS,org by 10 folds has no effect 
on the simulated profiles. This implies that kPheS,org is controlling. Consequently, for the 
same minimum values for SSE, the value of kPheS,org for each set is approximately the same 
while the values of kNaS,org and kPhe,aq,  complement each other and they can vary to a 
larger extent. This is seen from Table 6.7. 
 
Table 6.7 Different sets of individual mass transfer coefficients obtained using GA that 
best satisfy the ion-exchange model for stripping at 23oC using various NaCl 
concentrations. 
 Set 1 Set 2 Set 3 Set 4 
kNaS,org 
(cm/min) 
0.0080 0.0074 0.0069 0.0055 
kPheS,org 
(cm/min) 
0.0052 0.0052 0.0052 0.0052 
kPhe,aq 
(cm/min) 
0.0103 0.0088 0.0088 0.0088 
 
 
In the selection of the correct sets of the individual mass transfer coefficients for stripping 
at 23oC, 30oC and 37oC, the same criteria as those depicted in the selection of the mass 
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Figure 6.9 Sensitivity of stripped amino acid concentration with respect to (a) kNaS,org, (b) 
kPheS,org and (c) kPhe,aq for stripping at 23oC. System: Micellar phase contains 0.1M AOT 
with pre-loaded phenylalanine while the strip solution consists of 0.2M NaCl in borax 
buffer (pH 12.00). 
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the individual mass transfer coefficients at the three temperatures are shown in Table 6.8. 
The percentage difference between the profiles simulated using the different sets of mass 
transfer coefficients for stripping at a particular temperature is generally less than 1% (not 
shown).  
 
Figure 6.10 presents the typical experimental and simulated concentration-time profiles of 
phenylalanine for stripping at 23oC, using different salt concentrations in the aqueous strip 
solutions. Similar profiles for stripping at 30oC and 37oC are illustrated in Figures C.7 and 
C.8 respectively in Appendix C. The simulated profiles are plotted based on the mass 
transfer coefficients of Set 1 from Table 6.8. 
 
Table 6.8 Different sets of individual mass transfer coefficients for stripping at different 
temperatures that best satisfy the ion-exchange model using GA. 
Set 1 Set 2  
23oC 30oC 37oC 23oC 30oC 37oC 
kNaS,org 
(cm/min) 
0.0080 0.0151 0.0196 0.0055 0.0106 0.0177 
kPheS,org 
(cm/min) 
0.0052 0.0077 0.0120 0.0052 0.0078 0.0120 
kPhe,aq 
(cm/min) 
0.0103 0.0651 0.0980 0.0088 0.0716 0.0980 
 
 
As seen from the figures, the determined individual mass transfer coefficients obtained by 
GA are able to predict the concentration-time profiles of the phenylalanine in the strip 
solution reasonably well. The slight deviation may be due to the fact that there is a change 
in the hydrodynamic condition at the interface. In a study that has been performed on the 




























































































Figure 6.10 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 23oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 
using the ion-exchange model. 
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two-phase stirred cell, Bausch et al. (1992) have noted that increasing the ionic strengths 
at a particular temperature increases the dynamic stability of the reversed micelles. This is 
due to the induced high rigidity of the micellar interface. Consequently, the process of 
coalescence of the reversed micelles with the liquid-liquid interface is slower, hence 
retarding the re-extraction process.  Similarly, Cardoso et al. (2000) have also observed 
that increasing the salt concentration in the strip solution stabilizes the interface. The ion-
exchange model proposed in this study do not account for any effects on the mass transfer 
coefficients that are caused by a change in the hydrodynamic condition at the interface. 
This may explain the slight deviation between the simulated and the experimental 
concentration-time profiles. 
 
Moreover, from Table 5.9, it is noted that the viscosity of the strip solution increases with 
the NaCl concentration. Similar to the extraction processes, this fact contradicts the ion-
exchange model which assumes that there is no change in the physical properties in each 
phase. This probably also explains the slight deviation of the simulation profiles from the 
experimental data. 
 
Figure 6.11 presents the influence of temperature on the individual mass transfer 
coefficients for stripping. Similar to the extraction processes, the mass transfer coefficient 
of phenylalanine in the aqueous strip solution is highly dependent on temperature, 
probably due to its small size while the coefficients of the surfactants and the complexes 
in the micellar phase are nearly independent of temperature. 
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Figure 6.11 Variation of temperature with individual mass transfer coefficients for 
stripping at 23oC. System: Strip solution consists of 0.2M NaCl in borax buffer (pH 12.00) 
while the organic phase contains 0.05M AOT in xylene with pre-loaded phenylalanine. 
 
Comparing the values of the individual mass transfer coefficients for extraction (Table 
6.6) and for stripping (Table 6.8), it can be seen that the mass transfer coefficients of the 
surfactants in the organic phase are higher for extraction than for stripping at all the 
temperature studied. The reverse is true for the mass transfer coefficients of phenylalanine 
in the aqueous phase and of the complexes in the organic phase.  
 
During the experiments, the interface has been observed to be more stable at a higher 
NaCl concentration which reduces the ripples formed. In a study that is performed by 
Kataoka et al. (1976) on the simultaneous mass transfer of acid and ions with a liquid 
anion exchanger, it has been found that the addition of polyethylene glycol stabilizes the 
interface while its absence results in interfacial turbulence. Similarly, since the NaCl 
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concentration in the aqueous phase during stripping is at least two times higher than that 
during extraction in this study, the resultant interface is more stable. This may explain the 
higher mass transfer coefficients of the surfactants in the organic phase during extraction. 
However, this phenomenon is unable to explain the lower mass transfer coefficients of 
phenylalanine and the complexes obtained for extraction. Additional studies are required 
to elucidate the reason. Further investigations are also necessary to determine the cause of 
the occurrence of the interfacial turbulence at low salt concentration in the present system. 
 
To date, various authors have proposed different rate-controlling mechanisms for both 
liquid-liquid extraction and stripping of amino acid by reversed micelles (Chan and Wang, 
1993, Nishiki et al., 2000, Cardoso et al., 2000). Whether the extraction or stripping is 
reaction-controlled or diffusion-controlled depends on various factors, such as the stirring 
speed, the type of aqueous phase and organic phase, as well as the experimental set-up. 
The conventional method to determine the controlling mechanism is to monitor the initial 
flux of the process over a range of stirring speeds. For the region of stirring speeds where 
the initial flux increases with the stirring speed, this implies that the process is diffusion-
controlled at these stirring speeds. If the initial flux remains constant over a range of 
stirring speeds, this indicates that the process is reaction-controlled within that range of 
stirring speeds.  
 
In the kinetic studies, the selected stirring speed for the experiment was 70rpm. Due to the 
limitation of the experimental setup where emulsion will be formed at the interface at a 
stirring speed that is more than 70rpm, it is difficult to establish the controlling 
mechanism at this stirring speed using the generic method. However, a stirring speed of 
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70rpm is considered to be relatively low such that it is reasonable to assume that the 
transfer rate is diffusion-controlled. Moreover, the ability of the assumed diffusion-
controlled ion-exchange model to obtain individual mass transfer coefficients that can 
predict the concentration-time profiles of phenylalanine in the aqueous phase for both 
extraction and stripping also verifies this assumption.  
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7 Conclusions and Proposed Future Studies 
7.1 Conclusions 
7.1.1 Equilibrium Studies 
The equilibrium studies on the liquid-liquid extraction and stripping of L-phenylalanine 
via AOT reversed micelles were performed using the phase-transfer method. Based on the 
results on the extraction and stripping efficiencies, as well as the water content of the 
reversed micelles obtained, the effects of the various parameters were established. For 
extraction, the initial pH of the feed solution determined the ionized forms of 
phenylalanine. This in turn affected the types of electrostatic interaction between 
phenylalanine and the AOT surfactants, which resulted in a change in the size of the 
reversed micelles. The salt concentration in the feed solution affected the degree of 
electrostatic interaction between phenylalanine and AOT, as well as that between the 
surfactants by providing different degree of screening, depending on the salt 
concentration. The higher the salt concentration, the larger was the screening effect. 
 
On the other hand, the initial amino acid concentration in the feed solution affected the 
effective AOT concentration available for extraction. The shape and size of the reversed 
micelles were also probably changed, which influenced the water uptake by the reversed 
micelles. Temperature did not appear to have any significant effect on the extraction of 
phenylalanine and no obvious trend was observed for Wo. 
 
For stripping, the effects of the initial pH and the salt concentration in the strip solution on 
the stripping efficiency and Wo could be similarly explained as in the case of the 
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extraction processes. A change in the initial phenylalanine concentration in the micellar 
probably altered the shape and size of the reversed micelles, hence affecting Wo. As for 
the effect on the stripping efficiency, further investigation was required to elucidate the 
cause of the trend observed. The effects of temperature on the stripping efficiency and Wo 
did not appear to be very significant.  
 
7.1.2 Kinetic Studies  
The concentration-time profiles of phenylalanine in the aqueous phase of a stirred cell 
were obtained by varying the surfactant concentration at different temperatures for 
extraction and the salt concentration in the strip solution at various temperatures for 
stripping.  
 
The overall mass transfer coefficients for the extraction and stripping processes were 
obtained by using the linear driving force mass transfer model where the relationship 
between the equilibrium amino acid concentration in both the aqueous and organic phase 
was described by either a linear isotherm or a Langmuir isotherm. The overall mass 
transfer coefficients obtained using the linear isotherm and the Langmuir isotherm, were 
comparable for both extraction and stripping because the Langmuir isotherm was reduced 
to a linear isotherm when the phenylalanine concentration in the organic phase was low. It 
was also found that the overall mass transfer coefficients for extraction increased with the 
surfactant concentration and the extraction temperature while the overall mass transfer 
coefficients for stripping remained approximately the same with the salt concentration but 
increased with the stripping temperature. The effects of different parameters on the 
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solubilizing and releasing rates of phenylalanine, as well as on the diffusion of 
phenylalanine in the aqueous phase and the organic phase were also discussed. The overall 
mass transfer coefficients were generally able to predict the concentration-time profiles of 
phenylalanine in the aqueous phase, which indicated that the linear driving force mass 
transfer model is an appropriate model to describe the extraction and stripping processes. 
 
The ion-exchange model was used to predict the individual mass transfer coefficients for 
extraction and stripping. The equilibrium constants for extraction and stripping under 
various experimental conditions were obtained from the equilibrium studies. The change 
in the heat of reaction for extraction and stripping were also calculated using van’t Hoff 
equation. The individual mass transfer coefficients for extraction and stripping were found 
to increase with temperature. This trend is in accordance with the Wilke and Chang 
correlation for the organic phase and the Hayduk and Minhas correlation for the aqueous 
phase. The individual mass transfer coefficients were generally able to predict the 
concentration-time profiles of phenylalanine concentration in the aqueous phase for 
extraction and stripping under different species concentrations at the same temperature, 
although there were some deviations from the experimental data which could be attributed 
to the change in the physical property of the phases. Nevertheless, this implied that the 
ion-exchange model is adequate to describe the extraction and stripping processes. 
 
In evaluating the individual mass transfer coefficients using genetic algorithm, it was 
important to input different ranges of values for the mass transfer coefficients to ensure 
that the best set of coefficients obtained was the global optimum one. Moreover, it was 
possible for GA to give many sets of individual mass transfer coefficients that could 
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predict the concentration-time profiles of phenylalanine equally well. Sensitivity studies 
on the individual mass transfer coefficients for extraction and stripping indicated that the 
individual mass transfer coefficient of the complex was controlling such that any small 
variation in its value caused the most significant difference in the predicted concentration-
time profiles of phenylalanine. Consequently, for different sets of individual mass transfer 
coefficients that described the concentration-time profiles of phenylalanine equally well, 
various combinations of the values of the individual mass transfer coefficients for 
phenylalanine and the surfactant were possible while the value for the complex remained 
approximately constant. The correct set of mass transfer coefficients were selected based 
on the criteria that each individual mass transfer coefficient must increase with 
temperature and that the individual mass transfer coefficients obtained for a particular 
temperature must be inversely proportional to the size of the species. 
 
7.2 Proposed Future Studies 
The research outlined in this thesis put forward some potential areas for further 
investigation. 
 
1. To study the structure of the AOT reversed micelles during the extraction and 
stripping processes. There are various theories on the solubilization and releasing 
processes of an amino acid by the reversed micelles. By monitoring the structure of 
the reversed micelles, it may be possible to elucidate the mechanism of the extraction 
and stripping processes under different experiment conditions. 
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2. To modify the structure of the AOT surfactants.  It is known that the structure of the 
surfactants influences the extraction and stripping efficiencies of amino acids. 
Although the extraction and stripping efficiencies of L-phenylalanine using the AOT 
reversed micelles are reasonable high, it would be interesting to examine the effects of 
changing the structure of the surfactants to understand how this would affect the 
equilibrium and kinetic behavior. 
 
3. To investigate the carrier specificity for L-phenylalanine in the presence of other 
contaminants. In the present work, the studies on the equilibrium and kinetic behavior 
of the liquid-liquid extraction and stripping of phenylalanine were carried out in the 
absence of contaminants. It is thus recommended that further investigation to be done 
on the extraction and stripping of phenylalanine from a fermentation broth to 
determine the efficiencies of using reversed micelles in such application.  
 
4. To determine the effect of using different diluents. The composition of aromatics, 
paraffins and napthenes of a diluent can influence the capability of the reversed 
micelles to solubilize and release an amino acid. An investigation of this aspect for 
extraction and stripping is recommended. 
 
5. To further study the effects of other parameters on the rate of liquid-liquid extraction 
and stripping of L-phenylalanine via AOT reversed micelles. The effects of the 
surfactant concentration on the kinetics of extraction and the salt concentration in the 
strip solution on the rate of stripping had been studied at different temperatures. It 
would be interesting to also examine the effects of other parameters, such as the initial 
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pH and amino acid concentration, as well as to determine the ability of the proposed 
mathematical models to determine the mass transfer coefficients to predict the 
concentration-time profiles of L-phenylalanine under these conditions. 
 
6. To study the effects of various parameters on the extraction and stripping of L-
phenylalanine by the liquid emulsion membrane process. Since the liquid emulsion 
membrane process is a combination of liquid-liquid extraction and stripping processes, 
the results obtained from the equilibrium and kinetic studies on the liquid-liquid 
extraction and stripping of L-phenylalanine in this work can be extended to the 
recovery of the amino acid by the liquid emulsion membrane process. However, 
additional investigation on the factors affecting the stability of the membrane and the 
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Appendix A Simulation Programs  
Part of the simulation programs used in the evaluation of the mass transfer coefficients for 
extraction is given in this appendix. These programs were written based on the different 
mathematical models proposed. The input and output files are not shown. Other 
simulation programs used for stripping were written in similar way (not shown in the 
appendix).  
 
Fortran program: “LinearExt.f90” 
• To determine the overall mass transfer coefficients for extractions under various 
conditions, which fit the best with the experimental concentration-time profiles, 
based on the linear isotherm and linear driving force mass transfer model. 
• Input files: “profile1for23” (experimental concentration-time data for one 
extraction) 
• Output file: “RES.res” (overall mass transfer coefficient) 
 
Fortran program: “ConstantsExt.f90” 
• To evaluate the constants of the Langmuir isotherm for extraction that best 
describe the distribution of phenylalanine in each phase at equilibrium. 
• Input files: “'langmuir1back23” (equilibrium distribution data) 





Fortran program: “LangmuirExt.f90” 
• To obtain the overall mass transfer coefficients for extractions under various 
conditions, which fit the best with the experimental concentration-time profiles, 
based on the Langmuir isotherm and linear driving force mass transfer model. 
• Input files: “profile1for23” (experimental concentration-time data for one 
extraction) 
• Output file: “RES.res” (overall mass transfer coefficient) 
 
Fortran program: “IonExt.f90” 
• To evaluate the set of individual mass transfer coefficients, which fit the best with 
the experimental concentration-time profiles for extraction at the same temperature 
using different surfactant concentrations. 
• Input files: “f23” (experimental concentration-time data for extractions at a 
particular temperature), “c23” (experimental conditions including equilibrium 
constants, initial concentrations) 














! This program determines the overall mass transfer coefficient for the extraction  
! processes by the linear driving forceand linear isotherm model. 
! 
! Y: Amino acid conc in aqueous phase (M) 
! YPRIME: Values of dY/dt (M/min) 
! SSE: Summation of squared deviation of simulated from exptal values 
! I, J,Counter: Counters 
! mf: distribution coefficient for extraction 
! Kf: Overall mass transfer coefficient (cm/min) 
! alow: Initial estimated value for overall mass transfer coefficient (cm/min) 
! ahigh: Final estimated value for overall mass transfer coefficient (cm/min) 
! NumData: Number of measured values for each run 
! N: Number of differential equation 
! Time, T: Extraction time (min) 
! TEND: Value of T at which the solution is desired (min) 
! Caq: Amino acid conc in aqueous phase (M) 
! Corg: Conc of amino acid in organic phase (M) 
! Caq_pred: Optimum simulated amino acid conc in aqueous phase (M) 
! Cinitial_aq: Initial conc of amino acid in aqueous phase (M) 
! Spec_area: Specific interfacial area (/cm) 
! TOL: Tolerance 
! 
! Input: Caq, Spec_area, alow, ahigh, mf 
! Output: Kf 
!------------------------------------------------------------------------------------------------------------ 
 
INTEGER OpenStatus, NumData=17,I, J 
INTEGER ipopsize, lchrom, maxgen, ncross, nmute, nparam 
INTEGER lsubstr(10) 
DOUBLE PRECISION pcross, pmute, pjump 
DOUBLE PRECISION alow(10),ahigh(10),factor(10) 
DOUBLE PRECISION mf 
DOUBLE PRECISION Caq, Spec_area 
DIMENSION Caq(21), Spec_area(21) 
   
COMMON/sgaparam/ipopsize,lchrom,maxgen,ncross,nmute,nparam 
COMMON/sgaparam1/pcross, pmute, pjump 
COMMON /C1/ mf 
COMMON /C2/ Caq, Spec_area 
      
EXTERNAL nsga2 
 
OPEN (UNIT=1, FILE="profile1for23", STATUS="OLD", IOSTAT=OpenStatus) 
IF (OpenStatus>0) STOP "***Cannot open the file!***" 
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DO 11 I=1, NumData 
READ(1,*) Caq(I), Spec_area(I) 
11 CONTINUE 
 





















             
CALL nsga2 (alow, ahigh, lsubstr, factor) 
 
END 
       
SUBROUTINE simul(nparam,x,simulout) 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
PARAMETER (ndatas=10) 
INTEGER ipopsize,lchrom,maxgen,ncross,nmute,nparamm,igen,nobjfn 
DOUBLE PRECISION X(nparam),simulout(ndatas),pen 
DOUBLE PRECISION pcross,pmute,pjump 






EXTERNAL   SIMXY 
        
CALL SIMXY (X, SSE) 




         
IF (MOD(igen, 1) == 0) THEN 




       




SUBROUTINE SIMXY (X, SSE) 
INTEGER Counter 
DOUBLE PRECISION Caq_pred 
DIMENSION Caq_pred(21) 
INTEGER MXPARM, N 
PARAMETER (MXPARM=50, N=1) 
INTEGER MABSE, MBDF, MSOLVE 
PARAMETER (MABSE=1, MBDF=2, MSOLVE=2) 
INTEGER IDO, NOUT  
DOUBLE PRECISION A(1,1), PARAM(MXPARM), T, TEND, TOL, Y(N) 
DOUBLE PRECISION X(1), SSE 
DOUBLE PRECISION Caq, Spec_area 
DIMENSION Caq(21), Spec_area(21) 
DOUBLE PRECISION Kf 
DOUBLE PRECISION Spec_area1, C_initial_aq 
 
COMMON /C2/ Caq, Spec_area 
COMMON /C3/ Kf 
COMMON /C4/ Spec_area1, C_initial_aq 
 
EXTERNAL DIVPAG, SSET, UMACH 
 
EXTERNAL FCN, FCNJ 
  





SSE = 0.0 
Counter = 1 
Spec_area1 = Spec_area(1) 
C_initial_aq = Caq(1) 
T=0.0 
TEND = 5.0 
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Y(1) = C_initial_aq 
IDO = 1 
      
DO 
 
TOL = 0.00001 
 
CALL SSET (MXPARM, 0.0, PARAM, 1) 
 
PARAM(10) = MABSE 
PARAM(12) = MBDF 
PARAM(13) = MSOLVE 
PARAM(4) = 100000000 
      
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y) 
          
IF (TEND > 80.0) EXIT  
WRITE (NOUT,'(1X,I3,5X,E15.3)') INT(TEND), Y 
TEND = TEND + 5.0 
Counter = Counter + 1 
Caq_pred(Counter) = Y(1) 
 SSE = SSE + (Caq(Counter) - Caq_pred(Counter))**2 
Spec_area1 = Spec_area(Counter) 
    
CYCLE 
 
END DO  
 
IDO = 3 
 
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y) 
 






SUBROUTINE FCN(N, T, Y, YPRIME) 
DOUBLE PRECISION T, Y(1), YPRIME(1) 
DOUBLE PRECISION mf 
DOUBLE PRECISION Kf 
DOUBLE PRECISION Spec_area1, C_initial_aq 
DOUBLE PRECISION Corg 
 
COMMON /C1/ mf 
COMMON /C3/ Kf 
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COMMON /C4/ Spec_area1, C_initial_aq 
 
Corg = C_initial_aq-Y(1) 
 
YPRIME(1) = (-1)*Spec_area1*Kf*(Y(1)-((1/mf)*Corg)) 




    
SUBROUTINE FCNJ (N, T, Y, DYPDY) 
INTEGER N 










! This program determines the constants of the Langmuir isotherm for extraction. 
! 
! I, J, Counter, loop: Counters 
! P, Q: Constants of Langmuir isotherms 
! NumData: Number of measured values 
! alow: Initial estimated value for arbitrary constant of Langmuir isotherm 
! ahigh: Final estimated value for arbitrary constant of Langmuir isotherm 
! Caq1: Amino acid conc in aqueous phase (M) 
! Corg1: Conc of amino acid in organic phase (M) 
! Corg_pred: Optimum simulated amino acid conc in organic phase (M) 
! SSE: Summation of squared deviation of simulated from exptal values 
! 
! Input: Caq1, Corg1, alow, ahigh 
! Output: P, Q 
!------------------------------------------------------------------------------------------------------------ 
 
INTEGER OpenStatus, NumData=5, I, J 
INTEGER ipopsize, lchrom, maxgen, ncross, nmute, nparam 
INTEGER lsubstr(10) 
DOUBLE PRECISION pcross, pmute, pjump 
DOUBLE PRECISION alow(10),ahigh(10),factor(10) 
DOUBLE PRECISION Corg1, Caq1 
DIMENSION Corg1(5), Caq1(5) 
 
COMMON/sgaparam/ipopsize,lchrom,maxgen,ncross,nmute,nparam 
COMMON/sgaparam1/pcross, pmute, pjump 
COMMON /C1/ Corg1, Caq1 
 
EXTERNAL nsga2 
      
OPEN (01, FILE='langmuir1back23') 
OPEN (10, FILE= 'result.res') 
 
DO 11 I=1, NumData 
























       
CALL nsga2 (alow, ahigh, lsubstr, factor) 
 
END 
       
SUBROUTINE simul(nparam,x,simulout) 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
PARAMETER (ndatas=10) 
INTEGER ipopsize,lchrom,maxgen,ncross,nmute,nparamm,igen,nobjfn 
DOUBLE PRECISION x(nparam),simulout(ndatas),pen 
DOUBLE PRECISION pcross,pmute,pjump 
DOUBLE PRECISION Corg1, Caq1 
DIMENSION Corg1(5), Caq1(5) 
DOUBLE PRECISION SSE, P, Q 
DOUBLE PRECISION Corg_pred 
DIMENSION Corg_pred(5) 





















IF (MOD(igen, 1) == 0) THEN   













! This program determines the overall mass transfer coefficient for the extraction  
! processes by the linear driving force and Langmuir isotherm model. 
! 
! Y: Amino acid conc in aqueous phase (M) 
! YPRIME: Values of dY/dt (M/min) 
! SSE: Summation of squared deviation of simulated from exptal values 
! I, J,Counter: Counters 
! P, Q: Constants of Langmuir isotherms 
! Kb: Overall mass transfer coefficient (cm/min) 
! alow: Initial estimated value for overall mass transfer coefficient (cm/min) 
! ahigh: Final estimated value for overall mass transfer coefficient (cm/min) 
! NumData: Number of measured values for each run 
! N: Number of differential equation 
! Time, T: Extraction time (min) 
! TEND: Value of T at which the solution is desired (min) 
! Caq: Amino acid conc in aqueous phase (M) 
! Corg: Conc of amino acid in organic phase (M) 
! Caq_pred: Optimum simulated amino acid conc in aqueous phase (M) 
! Caq1: Initial conc of amino acid in aqueous phase (M) 
! Spec_area: Specific interfacial area (/cm) 
! TOL: Tolerance 
! 
! Input: Caq, Spec_area, alow, ahigh, P, Q 
! Output: Kf 
!------------------------------------------------------------------------------------------------------------ 
 
INTEGER OpenStatus, NumData=17,I, J 
INTEGER ipopsize, lchrom, maxgen, ncross, nmute, nparam 
INTEGER lsubstr(10) 
DOUBLE PRECISION pcross, pmute, pjump 
DOUBLE PRECISION alow(10),ahigh(10),factor(10) 
COMMON/sgaparam/ipopsize,lchrom,maxgen,ncross,nmute,nparam 
COMMON/sgaparam1/pcross, pmute, pjump 
DOUBLE PRECISION P, Q 
DOUBLE PRECISION Caq, Spec_area 
DIMENSION Caq(21), Spec_area(21) 
   
EXTERNAL nsga2 
 
COMMON /C1/ P, Q 
COMMON /C2/ Caq, Spec_area 
      
OPEN (UNIT=1, FILE="profile1for23", STATUS="OLD", IOSTAT=OpenStatus) 
IF (OpenStatus>0) STOP "***Cannot open the file!***" 
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DO 11 I=1, NumData 
READ(1,*) Caq(I), Spec_area(I) 
11 CONTINUE 
 






















             
CALL nsga2 (alow, ahigh, lsubstr, factor) 
 
END 
       
SUBROUTINE simul(nparam,x,simulout) 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
PARAMETER (ndatas=10) 
INTEGER ipopsize,lchrom,maxgen,ncross,nmute,nparamm,igen,nobjfn 
DOUBLE PRECISION X(nparam),simulout(ndatas),pen 
DOUBLE PRECISION pcross,pmute,pjump 





EXTERNAL   SIMXY 
        
CALL SIMXY (X, SSE) 




         
IF (MOD (igen, 1) == 0) THEN 









SUBROUTINE SIMXY (X, SSE) 
INTEGER Counter 
DOUBLE PRECISION Caq_pred 
DIMENSION Caq_pred(21) 
INTEGER MXPARM, N 
PARAMETER (MXPARM=50, N=1) 
INTEGER MABSE, MBDF, MSOLVE 
PARAMETER (MABSE=1, MBDF=2, MSOLVE=2) 
INTEGER IDO, NOUT  
DOUBLE PRECISION A(1,1), PARAM(MXPARM), T, TEND, TOL, Y(N) 
DOUBLE PRECISION X(1), SSE 
DOUBLE PRECISION Caq, Spec_area 
DIMENSION Caq(21), Spec_area(21) 
DOUBLE PRECISION Kf 
DOUBLE PRECISION Spec_area1, Caq1 
 
COMMON /C2/ Caq, Spec_area 
COMMON /C3/ Kf 
COMMON /C4/ Spec_area1, Caq1 
 
EXTERNAL DIVPAG, SSET, UMACH 
 
EXTERNAL FCN, FCNJ 
  






SSE = 0.0 
Counter = 1 
Spec_area1 = Spec_area(1) 
Caq1 = Caq(1) 
T=0.0 
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TEND = 5.0 
Y(1) = Caq1 
IDO = 1 
      
DO 
 
TOL = 0.00001 
 
CALL SSET (MXPARM, 0.0, PARAM, 1) 
 
PARAM(10) = MABSE 
PARAM(12) = MBDF 
PARAM(13) = MSOLVE 
PARAM(4) = 100000000 
      
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y) 
          
IF (TEND>80.0) EXIT 
 
WRITE (NOUT,'(1X,I3,5X,E15.3)') INT(TEND), Y 
TEND = TEND + 5.0 
Counter = Counter + 1 
Caq_pred(Counter) = Y(1)   
SSE = SSE + (Caq(Counter) - Caq_pred(Counter))**2 




END DO  
 
IDO = 3 
   
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y) 
 






SUBROUTINE FCN(N, T, Y, YPRIME) 
DOUBLE PRECISION T, Y(1), YPRIME(1) 
DOUBLE PRECISION P, Q 
DOUBLE PRECISION Kf 
DOUBLE PRECISION Spec_area1, Caq1 
DOUBLE PRECISION Corg 
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COMMON /C1/ P, Q 
COMMON /C3/ Kf 
COMMON /C4/ Spec_area1, Caq1 
 
Corg = Caq1-Y(1) 
YPRIME(1) = (-1)*Spec_area1*Kf*(Y(1)-(Corg/(P-Q*Corg))) 




    
SUBROUTINE FCNJ (N, T, Y, DYPDY) 
INTEGER N 











! This program determines the individual mass transfer coefficients for the  
! extraction processes using the ion-exchange model. 
! 
! Y: Amino acid conc in aqueous phase (M) 
! YPRIME: Values of dY/dt (M/min) 
! SSE1, SSE2, SSE3: Summation of squared deviation of simulated from exptal  
! values 
! SSE: Square root of the summation of the square of SSE1, SSE2 and SSE3 
! I, J, P, Q, Counter1, Counter2, Counter3: Counters 
! Ke: Equilibrium constant for extraction 
! K_NaS: Mass transfer coefficient of reversed micelles in organic phase (cm/min) 
! K_PheS: Mass transfer coefficient of complex in organic phase (cm/min) 
! K_Phe: Mass transfer coefficient of amino acid in aqueous phase (cm/min) 
! alow: Initial estimated value for mass transfer coefficient (cm/min) 
! ahigh: Final estimated value for mass transfer coefficient (cm/min) 
! NumData: Number of measured values for each run 
! Temp1, Temp2, Temp3: Extraction temperature (oC) 
! N: Number of differential equation 
! time, T: Extraction time (min) 
! TEND: Value of T at which the solution is desired (min) 
! C_Phe: Measured amino acid conc at extraction time, Time (M) 
! C_Phe_pred: Optimum simulated amino acid conc at extraction time, Time (M) 
! C_Na: Conc of sodium ion in aqueous phase at extraction time, Time (M) 
! C_NaS: Conc of surfactant in organic phase at extraction time, Time (M) 
! C_PheS: Conc of complex in organic phase at extraction time, Time (M)  
! C_initial_Phe: Initial amino acid conc in aqueous phase (M) 
! C_initial_Na: Initial conc of sodium ion in aqueous phase (M) 
! C_initial_NaS: Initial conc of surfactant in organic phase (M) 
! Spec_area: Specific interfacial area (/cm) 
! TOL: Tolerance 
! 
! Input: time, C_Phe, Spec_area, Temp, C_initial_NaS, C_initial_Na, Ke, alow,  
! ahigh 
! Output: K_NaS, K_PheS, K_Phe 
!------------------------------------------------------------------------------------------------------------ 
  
INTEGER OpenStatus, NumData=63, Temp1, Temp2, Temp3, I, J, P, Q 
INTEGER ipopsize, lchrom, maxgen, ncross, nmute, nparam 
INTEGER lsubstr(10) 
DOUBLE PRECISION pcross, pmute, pjump 
DOUBLE PRECISION alow(10),ahigh(10),factor(10) 
DOUBLE PRECISION C_initial_Na, C_initial_NaS, Ke 
DIMENSION C_initial_Na(3), C_initial_NaS(3), Ke(3) 
DOUBLE PRECISION Temp 
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DIMENSION Temp(3) 
DOUBLE PRECISION C_Phe, Spec_area 
DIMENSION C_Phe(63), Spec_area(63) 





COMMON /A1/ C_initial_Na, C_initial_NaS, Ke 
COMMON /C4/ C_Phe, Spec_area 
 
EXTERNAL nsga2 
      
OPEN (UNIT = 1, FILE = "f23", STATUS = "OLD", IOSTAT = OpenStatus) 
IF (OpenStatus>0) STOP "***Cannot open the file of concentration profile***" 
 
DO 11 I=1, NumData 
READ(1,*) time(I), C_Phe(I), Spec_area(I) 
11 CONTINUE 
 
OPEN (UNIT = 2, FILE = "c23", STATUS = "OLD", IOSTAT = OpenStatus) 
IF (Openstatus>0) STOP "***Cannot open the file of conditions***" 
 
DO 12 Q = 1, 3 
READ (2, *) Temp(Q), C_initial_NaS(Q), C_initial_Na(Q), Ke(Q) 
12 CONTINUE 
 

























                    
CALL nsga2 (alow, ahigh, lsubstr, factor) 
 
END 
       
SUBROUTINE simul(nparam,x,simulout) 
IMPLICIT DOUBLE PRECISION (A-H,O-Z) 
PARAMETER (ndatas=10) 
INTEGER ipopsize,lchrom,maxgen,ncross,nmute,nparamm,igen,nobjfn 
DOUBLE PRECISION X(nparam),simulout(ndatas),pen 
DOUBLE PRECISION pcross,pmute,pjump 
DOUBLE PRECISION SSE1, SSE2, SSE3, SSE 
 
COMMON/sgaparam/ipopsize, lchrom, maxgen, ncross, nmute, nparamm 
COMMON/sgaparam1/pcross, pmute, pjump 
COMMON/statist/igen, avg, amax, amin, sumfitness 
 
EXTERNAL   SIMXY 
        
CALL SIMXY (X, SSE1, SSE2, SSE3, SSE) 
      
simulout(1)=10.0/(1.0+SSE) 
simulout(2)=10.0/(1.0+SSE) 
         
IF (MOD(igen, 1) == 0) THEN 




       




SUBROUTINE SIMXY (X, SSE1, SSE2, SSE3, SSE) 
INTEGER Counter1, Counter2, Counter3 
DOUBLE PRECISION C_Phe_pred 
DIMENSION C_Phe_pred(63) 
INTEGER MXPARM, N 
PARAMETER (MXPARM=50, N=3) 
INTEGER MABSE, MBDF, MSOLVE 
PARAMETER (MABSE=1, MBDF=2, MSOLVE=2) 
INTEGER IDO, NOUT  
 194
DOUBLE PRECISION A(1,1), PARAM(MXPARM), T, TEND, TOL, Y(N) 
DOUBLE PRECISION X(3), SSE1, SSE2, SSE3, SSE 
DOUBLE PRECISION C_initial_Na1, C_initial_NaS1, Ke1 
DOUBLE PRECISION C_initial_Na2, C_initial_NaS2, Ke2 
DOUBLE PRECISION C_initial_Na3, C_initial_NaS3, Ke3 
DOUBLE PRECISION C_initial_Na, C_initial_NaS, Ke 
DIMENSION C_initial_Na(3), C_initial_NaS(3), Ke(3) 
DOUBLE PRECISION C_initial_Phe1, C_initial_Phe2, C_initial_Phe3 
DOUBLE PRECISION C_Phe, Spec_area 
DIMENSION C_Phe(63), Spec_area(63) 
DOUBLE PRECISION K_NaS, K_PheS, K_Phe 
DOUBLE PRECISION Spec_area1, Spec_area2, Spec_area3  
  
COMMON /A1/C_initial_Na, C_initial_NaS, Ke 
COMMON /C1/ C_initial_Na1, C_initial_NaS1, Ke1 
COMMON/C2/C_initial_Na2, C_initial_NaS2, Ke2 
COMMON/C3/C_initial_Na3, C_initial_NaS3, Ke3 
COMMON /C4/ C_Phe, Spec_area 
COMMON /C5/ K_NaS, K_PheS, K_Phe 
COMMON /C6/ Spec_area1, Spec_area2, Spec_area3 
COMMON/C7/C_initial_Phe1, C_initial_Phe2, C_initial_Phe3 
 
EXTERNAL DIVPAG, SSET, UMACH 
 
EXTERNAL FCN, FCNJ 







SSE1 = 0.0 
SSE2 = 0.0 
SSE3 = 0.0 
  
Counter1 = 1 
Counter2 = 22 
Counter3 = 43 
Spec_area1 = Spec_area(1) 
Spec_area2 = Spec_area(22) 
Spec_area3 = Spec_area(43) 
    
T=0.0 
TEND = 5.0 
 
Y(1) = C_Phe(1) 
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Y(2) = C_Phe(22) 
Y(3) = C_Phe(43) 
 




















TOL = 1.0e-15 
 
CALL SSET (MXPARM, 0.0, PARAM, 1) 
 
PARAM(10) = MABSE 
PARAM(12) = MBDF 
PARAM(13) = MSOLVE 
PARAM(4) = 100000000 
      
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y) 
           
IF (TEND < 80.0) THEN 
WRITE (NOUT,'(1X,I3,5X,3E15.3)') INT(TEND), Y(1), Y(2), Y(3) 
TEND = TEND + 5.0 
ELSE  
  WRITE (NOUT,'(1X,I3,5X,3E15.3)') INT(TEND), Y(1), Y(2), Y(3) 




Counter1 = Counter1 + 1 
Counter2 = Counter2 + 1 
Counter3 = Counter3 + 1 
C_Phe_pred(Counter1) = Y(1) 
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C_Phe_pred(Counter2) = Y(2) 
C_Phe_pred(Counter3) = Y(3) 
 
SSE1 = SSE1 + (C_Phe(Counter1) - C_Phe_pred(Counter1))**2 
SSE2 = SSE2 + (C_Phe(Counter2) - C_Phe_pred(Counter2))**2 
SSE3 = SSE3 + (C_Phe(Counter3) - C_Phe_pred(Counter3))**2 
SSE=((SSE1**2)+(SSE2**2)+(SSE3**2))**0.5  
 
Spec_area1 = Spec_area(Counter1) 
Spec_area2 = Spec_area(Counter2) 




END DO  
    
IDO=3 
 
CALL DIVPAG (IDO, N, FCN, FCNJ, A, T, TEND, TOL, PARAM, Y)    
 






SUBROUTINE FCN(N, T, Y, YPRIME) 
INTEGER N 
DOUBLE PRECISION T, Y(N), YPRIME(N) 
DOUBLE PRECISION D1, F1, B1 
DOUBLE PRECISION D2, F2, B2 
DOUBLE PRECISION D3, F3, B3 
DOUBLE PRECISION C_PheS1, C_NaS1, C_Na1 
DOUBLE PRECISION C_PheS2, C_NaS2, C_Na2 
DOUBLE PRECISION C_PheS3, C_NaS3, C_Na3 
DOUBLE PRECISION C_initial_Na1, C_initial_NaS1, Ke1 
DOUBLE PRECISION C_initial_Na2, C_initial_NaS2, Ke2 
DOUBLE PRECISION C_initial_Na3, C_initial_NaS3, Ke3 
DOUBLE PRECISION K_NaS, K_PheS, K_Phe 
DOUBLE PRECISION Spec_area1, Spec_area2, Spec_area3 
DOUBLE PRECISION C_initial_Phe1, C_initial_Phe2, C_initial_Phe3 
 
COMMON /C1/ C_initial_Na1, C_initial_NaS1, Ke1 
COMMON/C2/C_initial_Na2, C_initial_NaS2, Ke2 
COMMON/C3/C_initial_Na3, C_initial_NaS3, Ke3 
COMMON /C5/ K_NaS, K_PheS, K_Phe 
COMMON /C6/ Spec_area1, Spec_area2, Spec_area3 
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COMMON/C7/C_initial_Phe1, C_initial_Phe2, C_initial_Phe3 
 
C_PheS1 = C_initial_Phe1 - Y(1) 
C_NaS1 = C_initial_NaS1 - C_PheS1 
C_Na1= C_initial_Na1 + C_initial_NaS1 - C_NaS1 
  
D1 = ((-1)*(K_NaS*C_NaS1))-(K_Phe*Y(1)) -
((K_NaS*K_Phe*C_Na1)/(K_PheS*Ke1)) 
F1 = (K_NaS*K_Phe*C_NaS1*Y(1)) - ((K_NaS*K_Phe*C_Na1*C_PheS1)/(Ke1)) 
B1 = (0.25*(D1**2) - F1) 
YPRIME(1) = Spec_area1*(0.5*D1 + SQRT (B1)) 
 
C_PheS2 = C_initial_Phe2 - Y(2) 
C_NaS2 = C_initial_NaS2 - C_PheS2 
C_Na2= C_initial_Na2 + C_initial_NaS2 - C_NaS2 
  
D2 = ((-1)*(K_NaS*C_NaS2))-(K_Phe*Y(2))-((K_NaS*K_Phe*C_Na2)/(K_PheS*Ke2)) 
F2 = (K_NaS*K_Phe*C_NaS2*Y(2)) - ((K_NaS*K_Phe*C_Na2*C_PheS2)/(Ke2)) 
B2 = (0.25*(D2**2) - F2) 
YPRIME(2) = Spec_area2*(0.5*D2 + SQRT (B2)) 
    
C_PheS3 = C_initial_Phe3 - Y(3) 
C_NaS3 = C_initial_NaS3 - C_PheS3 
C_Na3= C_initial_Na3 + C_initial_NaS3 - C_NaS3 
  
D3 = ((-1)*(K_NaS*C_NaS3))-(K_Phe*Y(3)) -
((K_NaS*K_Phe*C_Na3)/(K_PheS*Ke3)) 
F3 = (K_NaS*K_Phe*C_NaS3*Y(3)) - ((K_NaS*K_Phe*C_Na3*C_PheS3)/(Ke3)) 
B3 = (0.25*(D3**2) - F3) 
YPRIME(3) = Spec_area3*(0.5*D3 + SQRT (B3)) 




    
SUBROUTINE FCNJ (N, T, Y, DYPDY) 
INTEGER N 







Appendix B Figures of Linear Driving Force Mass 
Transfer Model 
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Figure B.1 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 
for extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure B.2 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 
for extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure B.3 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 
for stripping at 30oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1.0M. 
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Figure B.4 Distribution of phenylalanine in the aqueous and organic phases at equilibrium 






































































































Figure B.5 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the linear isotherm and overall mass transfer coefficient model (in accordance with 






































































































Figure B.6 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 
the linear isotherm and overall mass transfer coefficient model (in accordance with 






































































































Figure B.7 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 






































































































Figure B.8 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 





















































































Figure B.9 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for stripping at 30oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M using the 
linear isotherm and overall mass transfer coefficient model (in accordance with Equation 


























































































Figure B.10 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 37oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 
using the linear isotherm and overall mass transfer coefficient model (in accordance with 




















































































Figure B.11 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 30oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 



























































































Figure B.12 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 37oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 
using the linear isotherm and overall mass transfer coefficient model (in accordance with 
Equation (5.12)). 
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Figure B.13 Equilibrium isotherms of phenylalanine at 30oC for extraction when AOT 
concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure B.14 Equilibrium isotherms of phenylalanine at 37oC for extraction when AOT 
concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure B.15 Equilibrium isotherms of phenylalanine at 30oC for stripping when NaCl 
concentration is (a) 0.2M, (b) 0.5M and (c) 1M. 
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Figure B.16 Equilibrium isotherms of phenylalanine at 37oC for stripping when NaCl 





































































































Figure B.17 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 





































































































Figure B.18 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 




















































































Figure B.19 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 30oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 


























































































Figure B.20 Experimental (symbols) and simulated (solid lines) concentration-time 
profiles for stripping at 37oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M 
using the Langmuir isotherm and overall mass transfer coefficient model. 
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Appendix C Figures of Ion-Exchange Model 
 


































































Figure C.1 Graphs of experimental data for determination of equilibrium constants for 
extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M.  
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Figure C.2 Graphs of experimental data for determination of equilibrium constants for 
extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M. 
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Figure C.3 Graphs of experimental data for determination of equilibrium constants for 
stripping at 30oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1.0M. 
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Figure C.4 Graphs of experimental data for determination of equilibrium constants for 


































































































Figure C.5 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 30oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 






































































































Figure C.6 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for extraction at 37oC when AOT concentration is (a) 0.05M, (b) 0.1M and (c) 0.2M using 




















































































Figure C.7 Experimental (symbols) and simulated (solid lines) concentration-time profiles 



























































































Figure C.8 Experimental (symbols) and simulated (solid lines) concentration-time profiles 
for stripping at 37oC when NaCl concentration is (a) 0.2M, (b) 0.5M and (c) 1M using the 
ion-exchange model. 
